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INTRODUCTION 


The  Naval  Civil  Engineering  Laboratory  (NCEL) ,  as  the  lead  labora¬ 
tory  for  the  Navy’s  Wind  Energy  Program  involving  shore  facilities,  has 
been  investigating  using  wind  power  at  Navy  installations.  The  program’s 
objective  is  to  provide  the  design,  reliability  and  availability,  oper¬ 
ating  and  maintenance,  and  cost  information  needed  to  develop  guides, 
manuals,  and  procedures  for  using  small  wind  energy  conversion  systems 
(WECS) .  Navy  Public  Works  (PW)  and  Engineering  Field  Division  (EFD) 
engineers  must  have  information  dealing  with  design,  operation,  mainte¬ 
nance,  and  cost  of  WECS  installations  to  determine  the  feasibility  of  a 
WECS  installation.  If  an  application  is  economically  feasible,  appro¬ 
priate  designs,  and  installation  and  procedures  must  be  available. 

Over  the  past  12  years,  efforts  have  been  underway  in  the  United 
States,  England,  West  Germany,  Denmark,  The  Netherlands,  and  France  to 
develop  small-capacity  (up  to  60  kW)  wind-driven  turbine  generators  with 
low-rated  windspeeds  (below  20  mph) ;  these  designs  were  economical  at 
most  locations  (Ref  1  through  4).  At  the  present  time,  over  50  manufac¬ 
turers  are  producing  small  WECS  with  rating  from  1  to  60  kW  (Ref  5). 

The  main  problems  associated  with  the  WECS  industry  today  are  the  lack 
of  mass  production  and  the  meager  amount  of  data  on  reliability  and 
maintenance  characteristics  of  the  systems.  Because  of  the  variable 
nature  of  the  wind,  most  WECS  operate  at  variable  rotational  speed  and 
power  output.  The  power  conditioning  method  and  hardware  for  converting 
the  generator’s  variable  output  to  match  the  electrical  characteristics 
at  remote  sites  and  power  distribution  grids  of  Navy  bases  are  still 
going  through  evolution.  Field  tests  were,  therefore,  planned  to  collect 
operating  and  maintenance  data  on  various  sizes  of  wind-driven  turbine 
generators,  and  to  develop  methods  and  hardware  needed  for  utilizing 
variable  output  of  the  wind  turbine  generators.  This  report  describes 
the  results  of  various  ongoing  small  WECS  field  tests,  including  the 
lessons  learned  from  operating  such  power  systems. 


REVIEW  OF  PRESENT  TECHNOLOGY 

Two  basic  types  of  wind  turbines  exist  on  the  market  today:  those 
with  a  horizontal-axis  rotor  and  those  with  a  vertical-axis  rotor.  There 
are  first  and  second  generation  vertical-axis  wind  turbine  (VAWT)  designs 
available  in  the  size  1-to  25-kW  range.  The  VAWT  technology  is  still  in 
its  early  stages  of  development.  The  horizontal-axis  wind  turbine  (HAWT) 
technology  has  advanced  to  third  and  fourth  generation  designs,  which 
are  showing  excellent  on-line  system  availability  on  California  wind 
farms.  Most  surveys  have  also  confirmed  the  HAWT’s  superior  operating 
characteristics,  efficiency,  and  cost  (Ref  6).  Hence,  the  scope  of  the 
Navy’s  effort  in  wind  energy  has  been  limited  to  the  HAWTs. 
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The  components  of  the  small  WECS  can  be  broken  into  several  subcom¬ 
ponents.  They  are: 

a.  The  rotor  blades  and  hub  assembly  capture  the  energy  of  the 
wind  and  convert  it  to  torque  and  rotational  speed. 

b.  The  transmission  steps  up  the  rotor’s  rpm  to  match  the 
generator’s  rotational  speed. 

c.  The  generator  converts  the  mechanical  energy  to  electrical 
energy, 

d.  The  control  system  governs  the  wind  turbine  for  maximum 
efficiency  and  protection. 

e.  The  tower  elevates  the  turbine  above  total  ground  level 
into  winds  that  are  undisturbed  by  the  ground’s  features. 

The  wind  system  suitable  for  Navy  application  must  operate  reliably 
for  long  periods  of  time,  perform  safely,  and  produce  energy  on  a  cost- 
effective  basis  at  locations  with  moderate  to  severe  corrosion  environ¬ 
ments.  The  demand  for  a  reliable  operation  over  extended  periods 
(25  years  or  more),  coupled  with  dynamic  loading  of  WECS  components  due 
to  a  turbulent  atmosphere,  subject  the  materials  to  their  fatigue  limits. 
Next,  the  presence  of  moisture  and  salt  in  the  atmosphere  results  in 
poor  lubrication  of  WECS  bearings.  Thus,  numerous  trade-offs  and  deci¬ 
sions  must  be  made  by  designers  and  manufacturers  of  WECS  concerning 
rotor  configuration,  control  systems,  tower  shape  and  type,  material 
choices,  etc.  Some  of  the  design  considerations  necessary  for  reliable 
WECS  are  discussed  next. 

Rotor  Blades  and  Hub  Assembly 

The  rotor  blades  and  hub  assembly  are  used  to  convert  the  wind’s 
kinetic  energy  into  useful  torque  and  shaft  power.  Several  design  con¬ 
siderations  that  are  extremely  important  for  an  efficient  and  reliable 
rotor  are: 

a.  Number  of  blades 

b.  Material  of  blades 

c.  Variable-pitch  or  fixed-pitch  blades 

d.  Taper  and  twist  of  blades 

e.  Protection  of  blades  against  high  gusts 

The  small  WECS  horizontal-axis,  designed  for  generating  power, 
usually  uses  two-  or  three-blade  rotors.  A  two-bladed  rotor  is  lighter 
and  less  expensive  than  a  three-b laded  rotor;  however,  the  latter  vibrates 
less  and  has  a  more  stable  system  operation.  Recently  some  manufacturers 
have  started  using  two-bladed  rotors  with  a  teeter  to  minimize  the 
excessive  vibration. 
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The  rotor  blades  are  manufactured  from  materials  such  as  laminated 
wood,  steel,  aluminum,  fiberglass,  or  carbon  composites.  Wooden  blades 
generally  have  a  superior  fatigue  strength  with  an  extremely  high  modulus 
of  rupture  with  a  magnitude  of  over  16,000  psi.  Unlike  their  metal 
counterparts,  woods  and  fiberglass  are  less  susceptible  to  corrosion. 
Metal  and  fiberglass  (with  metal  mesh)  tend  to  increase  the  problem  of 
electromagnetic  interference  for  rotor  blades  greater  than  25  feet  in 
diameter. 

Some  manufacturers  control  rotor  rotational  speeds  by  allowing  the 
blades  to  pitch  above  a  certain  rotational  speed.  This,  however,  results 
in  a  lower  system  reliability  because  additional  bearings  and  controls 
are  needed  in  the  rotor  hub.  Other  manufacturers  design  their  rotor 
blades  with  various  degrees  of  twist  and  taper,  which  results  in  a  more 
efficient  WECS.  The  blades  are  often  constructed  from  steel,  aluminum, 
carbon  composites,  or  fiberglass;  but  the  extra  efficiency  gained  by 
using  a  more  sophisticated  air-foil  is  offset  by  the  increased  cost  and 
difficulties  with  fabricating  the  blades. 

Some  WECS  designers  achieve  increased  blade  life  by  allowing  the 
blades  to  have  some  pliability.  When  a  gust  or  gyroscopic  force  from 
sudden  yawing  occurs,  the  blades  can  flex  slightly  to  absorb  the  extra 
energy.  This  results  in  less  stress  and  longer  blade  life.  Using  a 
teetering  rotor  can  increase  the  blades1  life  span  as  well. 

Transmission 


The  type  of  transmission  used  in  a  WECS  varies  from  one  machine  to 
the  next.  In  most  of  the  machines  on  the  market,  the  transmission,  in 
the  form  of  a  gearbox,  is  used  to  increase  the  rotor’s  speed  to  match 
the  generator’s  operating  speed  ranges.  The  transmission  can  also  help 
absorb  the  axial  thrust  from  the  rotor  assembly.  Several  small  WECS 
presently  available  employ  multi-pole,  direct-drive  generators  to  elimi¬ 
nate  using  gearboxes  for  increased  system  reliability.  In  other  machines, 
the  transmission  is  used  to  change  the  direction  of  the  torque.  This  is 
done  so  the  turbine  is  free  to  yaw  in  the  wind  while  the  generator  is 
fixed  vertically  to  the  tower.  A  bevel  gear  is  used  to  change  the 
direction  from  the  horizontal  axis  of  the  wind  turbine  to  the  vertical 
axis  of  the  generator.  This  setup  increases  the  WECS ’ s  reliability 
because  slip-rings  and  yaw  bearings  are  not  needed  between  the  generator 
and  the  power  conditioning  system. 

Generators 


The  generators  suitable  for  WECS  include  conventional  DC  generators, 
alternators,  or  induction  generators.  Although  conventional  DC  generators 
are  commercially  available  and  well  understood,  a  major  drawback  is  their 
dependence  on  brushes;  and  selecting  brushes  is  not  a  scientific  process. 
Brushes  are  subject  to  wear  and  must  transfer  high  electrical  currents. 
Localized  heat,  caused  by  bar-to-bar  voltage  as  the  brush  moves  over  the 
commutator,  also  causes  wear.  High  currents  in  the  rotating  armature  in 
a  low-voltage  machine  also  lead  to  manufacturing  difficulties  as  heavy- 
duty  wires  must  be  inserted  in  the  slots.  The  armature  wires  are  sub¬ 
jected  to  centrifugal  forces  that  result  in  friction.  Due  to  potential 
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of  arcing  at  various  electrical  points,  using  DC  generators  for  Naval 
application  can  lead  to  electromagnetic  interference  (EMI)  problems  as 
well. 

The  alternators  currently  available  include  permanent  magnet,  lundel 
rotating  field,  and  conventional  laminated  rotor.  These  alternators 
have  several  advantages.  The  permanent  magnet  alternator  does  not 
require  field  slip-rings  or  brushes.  For  the  lundel  or  laminated  rotor, 
only  a  field  current  is  transferred  and  there  is  no  bar-to-bar  voltage 
variation  over  the  smooth  slip-ring  surface.  Laminated  rotors  have  smaller 
wires  in  slots  than  the  DC  generator,  but  are  still  subject  to  the  cen¬ 
trifugal  forces  and  friction.  The  lundel  has  one  coil  wound  around  the 
central  shaft  in  the  shape  of  a  solenoid  rather  than  one  coil  per  pole; 
hence,  stresses  in  operation  are  in  tension. 

The  permanent  magnet  alternator  has  several  advantages:  no  mag¬ 
netizing  field  losses,  the  best  theoretical  efficiency  at  the  rated  rpm, 
and  no  field  slip-rings  on  the  rotating  shaft.  Several  disadvantages 
include:  it  is  difficult  to  magnetize  the  magnet,  assembly  problems, 

cogging  losses,  overspeed-voltage  control,  and  reducted  flux  density  by 
temperature  extremes . 

The  advantages  of  the  lundel  alternator  include:  easy  to  regulate 
in  overspeed  conditions,  casting  materials  are  available,  and  easy  to 
assemble  and  manufacture.  The  disadvantages  include:  lower  efficiency 
at  a  rated  speed  and  the  stack  diameter  to  the  length  ratio  limitations. 

The  conventional  laminated  wound  rotor  has  several  drawbacks 
including:  high  power  requirements,  it  is  difficult  to  manufacture,  and 

the  centrifugal  forces  that  act  on  the  windings. 

Some  manufacturers  are  designing  small  WECS  with  induction  genera¬ 
tors.  These  generators  must  have  a  grid  at  the  site  for  their  operation 
and,  hence,  are  not  suitable  for  remote  applications.  In  addition,  these 
systems  sacrifice  efficiency  by  operating  at  a  less  than  optimum  constant 
rotor  rpm.  Stand  alone  capability  and  rotor  efficiency  are  greater  in 
an  equivalent-sized  WECS  that  uses  variable-speed  alternators. 

Control  System 

The  control  systems  on  a  small  WECS  operate  to  give  maximum  effi¬ 
ciency  output  and  protect  against  adverse  conditions.  These  systems  can 
include  yaw  control,  blade  pitch  control,  and  automatic  overspeed  pro¬ 
tection. 

Yaw  Controls.  The  yaw  control  design  required  depends  on  the  type 
of  WECS.  Two  HAWT  systems  are  available:  upwind  and  downwind.  An  upwind 
systems’  rotor  is  located  upwind  of  the  mounting  tower  and  requires  some 
type  of  arrangement  to  yaw  with  the  wind  direction.  A  downwind  system’s 
rotor  is  situated  downwind  of  its  mounting  tower  and  is  self-yawing. 

Though  this  design  does  not  require  an  external  yaw  drive  for  steering 
into  the  wind,  the  rotor,  due  to  the  downwind  arrangement,  experiences 
additional  wind  turbulence  produced  by  the  supporting  tower. 

The  upwind  system  does  not  need  a  yaw  system.  The  most  common  yaw 
system  is  a  downwind  tail  (either  a  vane  or  rudder) .  The  tail  is  also 
used  to  turn  the  rotor  away  from  winds  higher  than  the  system’s  design 
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windspeed.  The  tail  overspeed  protection  is  automatic  on  some  small 
WECS  but  is  manual  on  others.  The  automatic  operation  of  the  WECS 
overwind  protection  control  is  accomplished  by  an  external  wind  measuring 
system  (an  anemometer  and  a  winch).  Turning  the  blades  out  of  the  wind, 
however,  allows  them  to  be  driven  by  the  wind  in  two  different  angles  of 
attack  per  revolution.  This  means  the  mechanical  forces  exerted  on  the 
blades  are  reversed  twice  during  every  revolution,  thus,  resulting  in 
blade  fatigue  and  possible  failure. 

Free-yawing  systems  react  instantly  to  sudden  wind  changes.  Because 
of  the  inertial-gyroscopic  effects  (P-factor)  generated  by  a  running 
rotor,  tremendous  forces  and  stresses  are  generated  on  the  blades.  This 
results  in  fatigue  on  the  blades  and  hub  assembly  that  can  lead  to  fail¬ 
ure.  For  these  reasons,  some  European  countries  have  prohibited  free- 
yawing  small  WECS.  An  available  alternative  is  to  use  extra  small  rotors 
on  the  sides  of  the  small  WECS  that  start  running  when  hit  by  a  side 
wind.  These  rotors  are  down-geared  some  2,000  to  4,000  times  before 
yawing  the  system.  The  result  is  a  slow-yawing  small  WECS  with  minimal 
gyroscopic  forces.  This  arrangement  increases  the  system  reliability. 

Blade  Pitch  Control.  Blade  pitch  controls  the  speed  and  improves 
efficiency.  Two  common  methods  of  controlling  blade  pitch  are  mechanical 
and  hydraulic.  Using  loaded  bars  attached  to  the  hub  assembly  is  a  simple 
method  of  controlling  blade  pitch.  As  the  speed  of  the  wind  increases, 
the  rpm  of  the  rotor  increases.  This  increase  of  rpm  causes  an  increase 
in  the  amount  of  centrifugal  force  on  the  bar,  which  causes  the  pitch  to 
increase.  Pitch  increase  contributes  to  the  efficiency  of  the  rotor. 

If  the  wind  is  blowing  faster  than  the  cut-off  velocity,  the  increase  in 
pitch  reduces  the  rotor  rpm.  The  pitching  of  the  rotor  blades  is 
synchronized  to  minimize  a  dynamic  unbalance  that  could  ultimately  result 
in  failure. 

A  hydraulic  control  available  on  the  market  uses  an  actuator  with 
an  oil  reservoir  to  control  the  pitch.  The  blades  are  initially  at  full 
pitch.  As  the  wind  turns  the  rotor,  a  pump  on  the  rotor  axle  fills  an 
oil  cylinder  that  leaks  oil  back  to  the  reservoir  at  a  constant  rate. 

As  the  oil  cylinder  fills,  the  oil  pressure  increases  and  the  pitch 
decreases.  The  faster  the  wind,  the  more  oil  is  pumped;  the  greater 
the  oil  pressure,  the  less  the  pitch.  An  additional  sensor  for  high 
speed  drains  the  cylinder  and  idles  the  rotors.  Another  vibration  sensor 
provided  in  the  system  also  drains  the  cylinder  and  idles  the  rotor 
during  severe  vibrations. 

Several  methods  of  rotor  overspeed  protection  in  high  winds  are 
necessary  to  ensure  the  system's  safety.  Basically,  three  methods  com¬ 
monly  used  for  overspeed  protection  are: 

a.  Feathering  the  blades  fully. 

b.  Turning  the  rotor  assembly  90  degrees  out  of  the  wind  either 
vertically  or  horizontally. 

c.  Using  some  type  of  braking  system. 
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To  fully  feather  the  blades  requires  some  type  of  blade  pitch  con¬ 
trol,  but  this  method  is  better  than  the  other  two  methods  mentioned,  as 
there  is  less  dynamic  force  on  the  blades.  The  advantage  of  turning  the 
blades  90  degrees  out  of  the  wind  is  that  when  the  wind  slows  down  to 
the  useful  range  of  speed,  the  small  WECS  can  automatically  realign  itself. 
On  some  systems,  the  blades  can  still  be  active  while  producing  power  in 
higher  windspeeds. 

A  centrifugally  activated  air  brake  and  a  conventional  brake,  located 
on  the  drive  train,  are  two  types  of  brakes  that  are  common  on  the  small 
WECS.  The  centrifugally  activated  air  brakes  are  located  on  the  tips  of 
the  rotor  blades.  As  the  rpm  of  the  rotors  increase,  the  centrifugal 
force  on  the  air  brakes  causes  the  rotors  to  oppose  the  revolution  of 
the  blades,  thus  effectively  decreasing  the  rpms.  The  conventional  brake 
is  used  to  stop  the  rotor  from  spinning  and  is  usually  set  manually. 

This  brake  stops  the  small  WECS  during  high  winds  or  while  performing 
repairs  on  the  small  WECS. 

Towers 


Towers  raise  the  WECS  into  the  undisturbed  airflow.  The  correct 
tower  height  is  determined  by  the  clearance  needed  for  the  rotor  and 
what  effect  the  surroundings  has  on  the  airflow.  The  following  items 
should  be  considered  before  selecting  a  tower:  the  amount  of  force 
(both  static  and  dynamic)  exerted  by  the  WECS,  how  easy  is  it  to  erect, 
and  how  easy  is  it  to  install  or  remove  the  WECS.  The  frequency  charac¬ 
teristics  of  the  tower  must  be  checked  with  the  operating  frequency  of 
the  small  WECS  to  minimize  dynamic  linkage  between  the  two.  Several 
types  of  towers  used  with  the  small  WECS  are: 

a.  Wooden  pole  (tubular,  open-truss  tower,  guyed) 

b.  Concrete  tower  (free-standing) 

c.  Wooden  pole  (tubular,  open-truss  tower,  free-standing) 

The  guyed  tower  requires  a  larger  amount  of  space  for  its  free¬ 
standing  counterparts  due  to  the  guy  wires.  If  the  tower  is  hinged  at 
the  bottom  it  can  be  installed  with  a  winch  and  A-frame  (see  Figure  1). 
Installing  and  removing  the  small  WECS  can  be  done  on  the  lowered  tower. 
If  the  tower  is  fixed,  a  large  crane  will  be  needed  to  install  the  tower. 
This  implies  that  a  crane  is  available,  which  is  not  always  possible. 

Guy  wires  that  are  also  prone  to  corrosion  (see  Figure  2) .  They  must  be 
checked  periodically  for  proper  tension. 

The  free-standing  concrete  tower  uses  less  space  that  the  guyed 
tower,  but  a  crane  is  needed  to  install  and  remove  the  small  WECS.  The 
free-standing  tower  can  be  hinged  at  the  base  for  installing  at  remote 
sites  and  requires  less  space  than  the  guyed  tower. 

Environmental  Concerns 

Several  environmental  concerns  that  should  be  addressed  when 
designing  or  using  a  small  WECS  are: 
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a.  High  winds 

b.  Excessive  rainfall 

c.  Saltwater  spray 

d.  Dust 

e.  Ice 

f .  Hail 

g.  Lighting 

h.  Earthquakes 

i.  Electromagnetic  interference  (EMI) 

High  winds  have  been  mentioned  in  detail  in  the  preceding  paragraphs. 
Excessive  rainfall,  saltwater  spray,  and  dust  can  be  remedied  by  making 
sure  everything  is  sealed  and  all  exposed  metal  is  coated  to  prevent 
corrosion.  Ice,  hail,  lightning,  and  earthquakes  can  occur  and  some 
precautions  should  be  taken  to  prevent  damage. 

EMI  is  another  concern  that  is  more  of  a  problem  with  placement  of 
the  small  WECS  than  with  it’s  design.  The  generator,  due  to  the  rotating 
magnetic  field,  does  radiate  electromagnetic  signals,  but,  with  proper 
shielding,  this  problem  can  be  minimized.  The  tower  and  the  blades, 
however,  could  block  and/or  reflect  the  electromagnetic  waves  that  cause 
EMI. 

Characteristics  of  small  WECS-induced  EMI  are  reflected  for  echo- 
type  interference  phenomenon  produced  by  the  small  WECS  support  tower 
and  nonrotating  blades  and  a  time-varying  interference  signal  (multipath) 
in  synchronization  with  the  rotation  rate  of  the  blades.  Amplitude- 
modulated  (AM)  wave  forms  are  the  most  affected  EMI  from  small  WECS. 

The  higher  the  frequency,  the  greater  the  interference. 

EMI  propagates  in  two  directions  from  the  small  WECS  (see  Figure  3). 
The  forward  scattering  affects  receivers  that  have  the  small  WECS  located 
between  them  and  the  transmitter.  This  type  of  interference  is  caused 
by  the  shielding  effect  of  the  small  WECS.  The  EMI  also  propagates 
backwards  toward  the  transmitter.  This  type  is  known  as  specular  scatter. 
This  type  of  interference  affects  receivers  located  between  a  transmitter 
and  a  small  WECS  (see  Figure  4) .  The  most  common  effect  of  this  type  of 
interference  in  the  television  band  is  the  presence  of  a  moving  ghost. 

When  a  site  and  small  WECS  are  selected,  certain  information  is 
needed  to  determine  the  possible  effects  of  EMI.  They  include: 

a.  Operating  frequency  of  the  radiated  electromagnetic 
system. 

b.  Type  of  modulation  used  (AM,  FM,  PM,  SSB,  etc.). 

c.  Receiving  antenna  radiation  pattern. 

d.  Type  of  data  being  sent  (voice,  digital  data,  etc.). 

e.  Physical  size  of  support  tower,  wind  turbine,  and  blade 
dimensions . 

f.  Rotating  rate  of  wind  turbine  rotor. 
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g.  Location  of  wind  turbine  with  respect  to  receiver/transmitter . 

h.  Terrain  surrounding  small  WECS  and  receiver  installations. 

With  this  information  in  hand,  a  person  can  determine  whether  the 
EMI  is  serious  enough  to  warrant  selecting  a  new  site  or  a  new  type  of 
small  WECS,  or  both.  To  date,  very  little  information  is  available  on 
the  EMI  effects  of  WECS  on  military  hardware  operations. 

Future  investigations  are  needed  to  obtain  and  catalog  the  electro¬ 
magnetic  reflective  properties  of  a  wide  range  of  small  WECS  blade  mate¬ 
rial.  In  particular,  models  that  include  the  effects  of  small  WECS- 
induced  EMI  on  specific  signal  transmitter  and  receiver  operations  at 
Naval  installation  must  be  developed.  Such  models  of  EMI  characteriza¬ 
tion,  together  with  the  site's  wind  resource  data,  can  be  used  to  deter¬ 
mine  the  correct  site  for  small  WECS  installations  at  Navy  bases.  In 
other  words,  this  information  will  enable  an  engineer  to  recommend  a 
small  WECS  with  maximum  output  and  minimum  EMI. 

Power  Conditioning  Systems 

Because  of  the  wind's  nature,  the  WECS  tends  to  deliver  electricity 
in  varying  voltages  and  frequencies.  Most  uses  require  electricity  with 
constant  voltage  and  frequency.  Converting  variable  electricity  to 
regulated  (constant)  electricity  requires  some  type  of  power  conditioning. 

To  decide  what  type  of  power  conditioning  is  needed,  a  careful 
examination  of  the  nature  of  the  application  is  required.  Two  types  of 
situations  are  prevalent.  The  first  is  a  stand-alone  installation. 

Power  conditioning  requirements  vary  with  this  type  of  installation.  A 
remote  site  with  a  defined  purpose  and  small-scale  power  requirements 
(e.g.,  operating  repeater  and  radio  beacons)  can  be  satisfied  adequately 
with  a  small  DC— generating  WECS  with  battery  storage.  The  only  power 
conditioning  required  for  this  installation  would  then  be  a  voltage 
regulator.  On  the  other  hand,  certain  types  of  applications  require 
more  stringent  power  conditioning. 

The  second  type  of  installation  uses  a  WECS  with  the  existing  utility 
power  grid.  The  power  conditioning  requirement  for  this  type  of  instal¬ 
lations  are  very  rigid,  but  this  type  of  installation  is  useful.  The 
utility  grid  can  act  as  a  limitless  storage  medium  by  supplying  power 
when  the  WECS  is  not  meeting  the  needs  of  the  load,  or  accepting  power 
when  the  WECS  is  delivering  more  power  than  is  needed.  Some  of  this 
delivered  power  may  be  sold  back  to  the  utility  company  provided  it  is 
of  good  quality. 

There  are  many  concerns  about  connecting  a  WECS  with  the  utility 
power  grid.  The  most  pressing  concern  is  the  quality  of  the  power. 

Certain  types  of  power  converters  introduce  power  degradation  such  as 
unwanted  harmonics,  reactive  power,  phase  imbalance,  and  voltage  flicker. 
In  addition,  there  are  concerns  with  safety,  responsibility,  and  legal 
jurisdiction  liability. 

Four  types  of  power  conditioning  systems  are: 

a .  Automatic  load  matching 

b.  Synchronous  solid-state  inverter 
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c.  DC  motor-driven  AC  generators 

d.  Field  modulation  technique 

These  power  conditioning  systems  are  discussed  in  Reference  7. 
Utility  Concerns 

Presently,  there  has  been  a  proliferation  of  WECS  being  connected 
to  rural  electrical  systems.  They  are  generating  concerns  about  the 
liability  and  power  quality. 

The  question  of  liability  is  beyond  the  scope  of  this  report,  but 
if  a  WECS  is  connected  to  the  utility  grid,  some  questions  must  be 
answered.  For  example,  who  pays  for  the  modifications  of  the  utility 
equipment  to  allow  cogeneration  of  power?  Furthermore,  who  is  respon¬ 
sible  for  the  increase  of  cost  and  danger  to  the  utility  linemen? 

The  concern  over  power  quality  is  very  dependent  on  the  power  con¬ 
ditioning  system  used.  Utility  companies  have  stringent  regulations 
concerning  the  amount  of  harmonics,  reactive  power,  phase  imbalance,  and 
voltage  flicker.  In  the  past,  energy  flow  has  been  strictly  unidirec¬ 
tional  from  the  utility  company  to  its  customers.  Voltage  could  be 
regulated  more  easily.  Any  cause  for  the  poor  quality  of  power  (some 
large  industrial  motors  cause  reactive  power  on  the  line)  is  usually 
corrected  on  an  individual  basis.  This  practice  does  not  appear  feasible 
for  a  large  number  of  distributed  energy  sources.  The  power  generated 
by  WECS  would  have  to  meet  the  utility  companies’  quality  requirements. 
This  would  increase  the  cost  of  power  generated  by  the  WECS. 

Harmonic .  When  rotating  machines  become  obsolete  for  conversion 
and  inversion  with  the  use  of  solid-state  converters  and  inverters,  the 
problems  of  harmonics  in  output  wave  form  becomes  more  serious.  Har¬ 
monics  are  the  wave  forms  having  frequencies  that  are  multiples  of  the 
fundamental  frequency  (60  Hertz).  As  previously  mentioned,  inverters 
switching  at  the  line  frequency  with  line  commutation  have  problems  with 
harmonics.  They  produce  a  wave  form  that  is  not  sinusoidal.  This  wave 
form  is  the  sum  of  many  sinusoids  at  higher  frequencies.  If  the  harmonic 
frequencies  are  in  the  television  or  radio  frequency  range,  these  fre¬ 
quencies  could  interfere  with  the  television’s  or  radio’s  reception.  If 
these  frequencies  are  in  the  audio  frequency  range  and  the  telephone 
line  is  on  the  same  pole  of  the  distribution  line,  they  could  interfere 
with  telephone’s  reception.  Two  possible  solutions  to  these  interference 
problems  are  to  use  an  isolation  transformer  or  a  low-pass  filter,  but 
these  systems  will  add  to  the  cost  and  reduce  the  efficiency  of  the  WECS. 

Reactive  Power.  Both  the  line-commutated  converters  (because  of 
inherent  firing  pulse  delay)  and  the  induction  generator  (because  of  the 
self-inductance/magnetizing  delay)  will  have  lagging  characteristics. 

It  is  estimated  that  these  devices  have  a  power  factor  of  0.35  to  0.60 
lagging.  They  require  considerable  reactive  power  from  the  utility  in 
order  to  match  utility  grade  power  requirements.  One  possible  solution 
is  to  install  capacitors  to  supply  reactive  power. 
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Phase  Imbalance.  Utility  companies  deliver  balanced,  three-phase 
power.  A  single-phase  WECS  located  on  three-phase  lines  (if  the  WECS  is 
large  enough  or  in  sufficient  number)  can  cause  phase  imbalance  problems. 
Such  phase  imbalance  problems  could  cause  starting  problems  (and  exces¬ 
sive  heating)  of  three-phase  motors  and  possible  neutral-to-ground 
voltages.  It  has  been  shown  that  neutral-to-ground  voltage  of  even  one 
volt  can  cause  problems  to  Naval  operation.  A  solution  to  this  problem 
is  to  require  all  generators  over  a  certain  size  generate  three-phase 
power. 

Voltage  Flicker.  The  voltage  flicker  is  caused  by  the  induction 
generator  drawing  a  large  starting  current  to  accelerate  its  inertia 
load.  If  the  generator  is  connected  to  the  utility  line,  this  voltage 
flicker  would  be  sensed  by  the  other  consumers  drawings  their  power  from 
the  same  line.  The  problem  of  voltage  flicker  could  cause  annoying 
phenomena,  such  as:  striking  television  pictures,  dimming  lights,  and 
malfunctioning  of  modern  household  appliances.  This  problem  could  be 
solved  by  insulating  transformers  at  WECS  locations  or  by  installing 
additional  pieces  of  soft-start  equipment  for  the  induction  generator. 
This  solution  also  adds  to  the  cost  of  the  power  produced  by  WECS. 

A  highly  recommended  alternative  to  the  expense  in  alleviating  the 
quality  power  concerns  for  WECS  is  to  operate  these  machines  as  energy 
conservation  devices.  By  attaching  WECS  to  loads  where  intermittency 
and  quality  of  power  are  not  important  (e.g.,  mechanical  applications, 
battery  charging,  electrical  heating  loads)  and  displacing  the  energy 
used  for  those  applications  at  the  retail  rate,  the  WECS  could  deliver 
the  full  benefit  of  the  wind  without  disturbing  existing  utility  systems 
and  without  adding  the  expense  of  major  power  conditioning. 

On  the  surface,  interconnection  with  a  utility  grid  seems  to  offer 
lower  cost,  but  the  institutional,  technical,  and  economic  problems 
associated  with  the  interconnection  of  a  WECS  to  a  utility  grid  should 
be  carefully  considered.  Although  a  majority  of  the  WECSs  currently 
being  manufactured  are  designed  for  interconnection  with  a  utility  grid, 
many  problems  concerning  safety,  liability,  metering,  and  undesirable 
interaction  with  the  utility  system  can  be  avoided  by  choosing  applica¬ 
tions  that  do  not  require  interconnection.  Recently,  due  to  a  marked 
increase  in  utility-interconnected  WECS,  California  wind  farm  companies 
have  demonstrated  the  concerns  raised  previously  are  not  significant  to 
impact  utility  operations. 


FIELD  EVALUATIONS 

NCEL  selected  certain  classes  of  WECS  that  appeared  suitable  for 
Navy  application.  NCEL  does  not  product  test,  but  reviews  generic  cate¬ 
gories  to  determine  operating  characteristics  and  idiosyncrasies.  After 
the  machine  was  purchased,  it  was  taken  to  NCEL  and  the  mechanical  con¬ 
struction  was  inspected.  It  was  then  installed  on  a  tower  for  a  shake- 
down  test  lasting  up  to  a  year.  During  that  time,  engineers  documented 
the  machine’s  behavior  in  terms  of  daily  operation,  maintenance  require¬ 
ments,  and  reliability  performance.  The  safety  features  were  also  care¬ 
fully  monitored. 
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Following  the  initial  test  period,  the  machine  was  then  installed 
at  a  selected  site  for  long-term  demonstrations  lasting  from  1  to  4  years. 
These  tests  will  develop  detailed  operational  and  maintenance  data, 
reliability  analyses,  and  economic  information.  Information  obtained 
from  these  demonstrations  will  be  included  in  the  Wind  System  Application 
Guide  for  Navy  Shore  Facilities. 

After  the  long-term  test,  the  WECS  (wind  turbine  generator,  tower, 
power  conditioning  equipment,  etc)  may  be  turned  over  to  the  facility 
where  the  tests  were  conducted  or  moved  to  a  new  site  for  additional 
long-term  testing  under  different  wind  conditions.  This  report  describes 
seven  field  evaluations  using  various  commercial  wind-driven  turbine 
generators.  They  include: 


Generator 

Size 

2-kW 

5- kW 

6- kW 

9-kW 

10-kW 

12-kW 

20-kW 

2-kW  WECS  Demonstration 


Test  Location 

NCEL,  Port  Hueneme 

San  Nicolas  Island 

NS,  Treasure  Island 
and  NCEL,  Port  Hueneme 

NWC,  China  Lake 

MCLB,  Bars tow 

Kaneohe  Bay ,  Hawaii 

MCAS,  Kaneohe  Bay,  Hawaii 


at  NCEL,  Port  Hueneme 


For  cost-effective  wind-power  generation,  proper  and  full  use  of 
turbine  output  is  extremely  important.  Most  loads  designed  to  operate 
on  AC  power  require  constant  voltage  for  proper  operation.  In  addition 
to  a  constant  voltage  requirement,  some  loads  such  as  appliances  and 
equipment  with  moving  parts  must  have  a  synchronous  60-Hertz  power  supply. 
A  variable-speed,  rotor-driven  generator  with  external  voltage  controls 
will  deliver  constant  voltage  synchronous  power.  If,  however,  such  a 
wind  turbine  generator  is  used  for  heating  loads,  such  as  water  heaters 
or  a  group  of  space  heaters,  the  variable  frequency  power  will  not  affect 
the  load's  performance.  For  such  applications,  a  wind  turbine  generator 
with  an  automatic  load-matching  system  (Figure  5)  is  adequate  for  wind¬ 
generated  electricity.  The  load-matching  system  offers  an  inexpensive 
method  of  providing  low-grade  electrical  power  readily  usable  by  heating 
loads. 

A  2-kW  WECS  with  an  automatic  load-matching  system  (Figure  6)  for 
generator  output  use,  is  demonstrating  various  applications  of  wind  power 
at  NCEL’s  Advanced  Energy  Utilization  Test  Bed  (AEUTB) .  The  WECS  facility 
is  being  used  as  a  test  bed  for  developing  other  uses  of  wind  power. 
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The  specification  of  the  2-kW  WECS  is  shown  in  Table  1.  This  WECS 
consists  of:  a  three-bladed,  12 .5-foot-diam  rotor,  which  drives  a  2-kW 
brushless  alternator  through  a  gearbox.  The  WECS  rotor,  gearbox,  and 
alternator  assembly  are  mounted  as  one  unit  in  a  free  standing,  60-foot- 
high  steel  tower.  The  2-kW  alternator  is  an  eight  pole,  three-phase 
rotating  field  alternator  that  provides  220  volts  of  AC  power.  The  DC 
power  for  the  rotating  field  alternator  is  provided  by  a  small  AC  exciter 
armature  mounted  on  the  same  shaft.  The  exciter  field  is  fed  via  a 
voltage  regulator.  The  overspeeding  of  the  wind  turbine  rotor  in  high 
winds  and  under  a  no-load  condition  is  controlled  by  a  centrifugal 
governor  that  changes  the  blade  pitch  angle,  thus  reducing  the  rotor’s 
rotational  speed.  A  magnetic  latching  device  prevents  the  governor 
changing  the  blade  pitch  in  windspeeds  up  to  30  mph.  The  performance 
characteristics  of  the  WECS  as  a  function  of  windspeed  are  given  in 
Figure  7.  The  voltage  versus  windspeed  plot  of  the  WECS  shows  that  at 
windspeeds  greater  than  10  mph  the  voltage  regulator  keeps  the  generator’s 
voltage  almost  constant,  and  the  value  of  the  maximum  voltage  value  can 
be  varied  by  a  potentiometer  located  in  the  regulator. 

A  wind  plant  was  installed  and  connected  (non-grid  type)  to  the 
distribution  system  used  for  the  lighting  and  water  heating  loads  of  the 
AEUTB.  To  date,  the  test  data  show  excellent  performance  by  the  wind 
plant  and  the  load  matching  system.  As  shown  by  the  voltage  versus 
windspeed  plot,  Figure  7,  the  load  matching  system  improved  the  overall 
energy  extraction  from  the  wind.  The  wind  plant  facility  has  used  wind 
generated  electricity  to  operate:  resistive-type  space  heaters,  equipped 
with  fans  for  circulation,  and  lights. 

The  2-kW  WECS  generated  approximately  376  kW-hr  with  an  average 
windspeed  of  7.7  mph  between  November  1983  and  March  1984.  The  2-kW 
WECS  has  been  dependable  thus  far;  however,  some  problems  have  occurred, 
especially  with  corrosion.  The  yaw  bearing,  steel  blades,  and  slip-rings 
and  bearings  have  all  corroded.  The  2-kW  WECS,  since  its  installation 
in  1977  at  Port  Hueneme,  has  suffered  three  failures  of  the  slip-rings, 
two  failures  of  the  yaw  bearing,  and  one  failure  cf  its  blades-root 
bearing.  The  majority  of  the  failure  are  attributed  to  the  corrosive 
marine  environment  of  the  site.  The  slip-ring  failures  seemed  to  occur 
due  to  current  leakage  between  the  consecutive  rings,  which  burned  the 
plastic  ring  separators.  Some  of  the  failures  were  also  caused  by  the 
brush  holders  breaking  at  the  attachment-lug.  The  plastic  ring  failure 
could  have  been  induced  by  moisture  that  generated  arcing  to  the  ground. 

In  summary,  the  slip-ring  failures  were  caused  by  poor  design  and  poor 
weatherproofing. 

A  disadvantage  of  this  machine  is  that  it  has  to  be  removed  from 
the  tower  to  service  the  slip-rings  and  bearings.  Future  plans  include 
continued  testing  of  the  plant  at  NCEL  to  demonstrate  the  cost-effective 
prototype  hardware  designed  to  improve  energy  utilization  from  small 
WECS. 
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5-kW  WECS  Demonstration  at  San  Nicolas  Island 


A  5-kW  upwind  horizontal  axis,  three-bladed  rotor  driven,  three- 
phase  AC  generator  with  an  automatic  load-matching  device  was  installed 
and  tested  at  San  Nicolas  Island  (SNI) .  The  5— kW  WECS  at  SNI  (Figure  8) 
was  used  for  space  heating.  Reasons  for  selecting  SNI  were  its  remote¬ 
ness,  present  cost  of  energy,  excellent  wind  condition,  and  its  highly 
corrosive  environment.  The  WECS's  operational  and  performance  data  for 
space  heating  applications  were  collected  through  extensive  field  tests 
at  SNI  and  two  other  sites,  namely  Port  Hueneme  and  Laguna  Peak. 

The  specifications  of  the  5-kW  systems  are  given  in  Table  2.  The 
WECS  rotor  has  a  centrifugal  governor  that  increased  the  blade  pitch  as 
the  windspeed  increased  to  control  the  rpm.  The  WECS  had  a  downwind 
tail  to  maintain  orientation  into  the  wind.  In  winds  greater  than  45 
mph,  the  tail  automatically  turned  90  degrees  to  turn  the  rotor  out  of 
the  wind.  The  WECS  used  a  self-excited  AC  generator  that  required  slip- 
rings  for  its  wound  rotating  field.  The  5-kW  WECS,  before  being  installed 
at  SNI,  was  tested  at  Port  Hueneme  and  Laguna  Peak  which  have  low  and 
moderate  wind  regimes,  respectively.  To  date,  the  test  results  indicate 
a  poor  availability  of  the  WECS  at  SNI  because  of  its  highly  corrosive 
environment . 

A  comparison  of  the  WECS's  performance  based  on  the  field  data  with 
the  manufacturer's  curve  is  given  in  Figure  9.  Clearly,  the  field  test 
results  agree  with  the  manufacturer's  data  over  most  of  the  operating 
windspeed  ranges.  Due  to  various  failures  of  the  WECS  components  at 
SNI,  the  results  indicate  that  this  site,  in  addition  to  being  an  excel¬ 
lent  wind  location,  is  also  a  highly  corrosive  marine  environment  for 
evaluating  the  WECS  designs.  The  WECS  was  installed  at  SNI  in  November- 
1979  and  following  intermittent  operation  at  this  site,  the  system  was 
retired  in  January  1984.  The  field  tests  at  SNI  furnished  information 
for  improving  the  WECS's  reliability. 

The  WECS  did  not  operate  well  because  of  SNI's  environment.  The 
main  problem  was  that  the  bearings  (Figure  10),  slip-rings,  electrical 
terminal,  feathering  controls,  and  voltage  regulator  corroded.  The  WECS 
rotor  hub  bearings  showed  corrosion  of  the  race  and  false  "brinelling" 
(rectangular  dents).  This  type  of  bearing  failure  indicates  excessive 
system  vibration.  This  condition  can  be  corrected  by  using  proper 
lubrication.  One  attempt  to  improve  the  bearing's  life  under  this 
environment  was  to  fill  the  rotor  hub  with  a  lubricating  oil  that  kept 
the  bearing  race  coated  with  oil  when  the  rotor  was  not  turning,  thus 
lubricating  the  wearing  surfaces.  This  arrangement  also  prevented  the 
bearing  components  from  corroding  because  the  salt  and  the  moisture  was 
trapped  by  the  oil  inside  the  hub.  This  design  modification  increased 
the  mean  time  between  failures  (MTBF)  from  90  to  280  days. 

The  5-kW  WECS  used  ordinary  yaw  slip-rings.  Basically,  there  were 
three  slip-rings  mounted  on  the  yaw  shaft  with  the  slip-rings  separated 
by  plastic  spacers.  The  rings  were  connected  to  metal  studs  by  pigtail 
connectors.  The  studs  were  insulated  from  the  metal  plate  by  placing 
plastic  inserts  around  them.  The  moisture  and  the  salt  grounded  the 
studs  to  the  metal,  causing  arcing  at  various  points  of  the  slip-rings 
assembly.  This  was  the  most  common  cause  of  slip-ring  failure  during 
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the  field  test.  Ihe  arcing  also  caused  the  brush  holders  in  the  pigtail 
connectors  to  corrode.  The  failures  of  the  slip-rings  can  also  be 
attributed  to  poor  material  choice  and  design. 

Finally,  in  January  1984  the  testing  of  the  5-kW  WECS  at  SNI  was 
stopped.  The  tests  at  SNI  yielded  the  following  information: 


a.  Performance  and  maintenance  data  on  the  wind  plant  and 

the  load  matching  device  under  highly  corrosive  environmental 
conditions. 

b.  Design  modifications  needed  to  increase  the  system's 
reliability  and  subsequent  availability. 

c.  Economics  of  such  power  systems  for  space  and  water— heating 
applications. 

d.  A  WECS  of  this  design  requires  frequent  site  visits  (at  least 
every  2  weeks)  to  ensure  its  proper  operation. 

6-kW  WECS  Demonstrations  at  Port  Hueneme  and  Treasure  Island 


The  6-kW  WECS  chosen  for  this  evaluation  is  identical  in  design  to 
the  5-kW  WECS  discussed  earlier.  The  only  difference  is  that  the  gen¬ 
erator  uses  a  permanent  magnet  rotor.  The  6-kW  WECS  installed  at  Treasure 
Island  is  shown  in  Figure  11,  and  the  specifications  are  listed  in  Table  3. 

The  first  Navy-wide  use  of  a  wind  power  system  will  be  wind  plants 
integrated  with  other  power  sources  or  grids  to  displace  fuel  or  con¬ 
sumption  of  electric  loads.  Design  information  is  needed  for  WECS  before 
being  installed  at  Navy  facilities. 

A  synchronous  inverter  system  provides  one  method  of  integrating  a 
variable-output,  wind-driven  generator  with  another  power  source.  When 
this  evaluation  was  started,  the  synchronous  inversion  technique  was 
stiH  in  its  early  stages  of  development,  and  data  on  the  performance 
and  reliability  of  such  power  conditioning  were  rather  limited.  The 
quality  of  power  obtained  from  synchronous  inverters  using  silicon  con¬ 
trol  rectifiers  (SCR's)  for  power  transfer  was  also  limited.  The  6-kW 
WECS  was,  therefore,  tested  at  Port  Hueneme  and  Treasure  Island  to 
(Ref  8): 

a.  Demonstrate  integrating  a  WECS  with  a  base's  power  distribution 
system  and  assess  any  interconnection  problems. 

b.  Determine  the  WECS's  operation  and  maintenance  in  a  corrosive 
environment. 

c.  Determine  what  design  modifications  needed  to  improve  the 
WECS's  power  output  and  reliability. 

d.  Determine  practicality  of  operating  a  small  WECS  under  a  field 
activity  control. 

e.  Develop  data  on  economics  of  wind  power  generation  with  this 
type  and  size  WECS. 
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The  initial  testing  of  the  6-kW  WECS  at  Port  Rueneme  demonstrated 
that  the  type  of  synchronous  inverter  used  suffered  from  impedance 
matching.  In  other  words,  for  the  best  performance  of  the  WECS,  it  is 
extremely  important  to  match  its  impedance  with  the  AC  generator  at  all 
windspeeds. 

During  the  tests  one  of  the  problems  encountered  was  to  keep  the 
synchronous  inverter  properly  programmed  to  match  its  impedance  with  the 
AC  generator  at  all  windspeeds.  A  more  efficient  means  of  maintaining 
the  inverter  needs  to  be  devised.  One  method  for  doing  this  is  to  have 
a  variable  trigger  voltage  for  the  SCR's. 

The  WECS  did  not  perform  well  during  the  periods  when  the  inverter 
was  not  programmed  properly.  The  quality  of  power  pumped  into  the  dis¬ 
tribution  system  is  shown  by  the  voltage  and  current  waveforms  shown  in 
Figure  12.  A  comparison  of  the  WECS's  performance,  based  on  field  data 
and  the  manufacturer's  curve,  is  shown  in  Figure  13.  The  comparison 
shows  that  the  field  results  and  the  manufacturer's  information  agree. 

The  availability  of  the  WECS  at  Port  Hueneme  was  not  good.  Most  of 
the  downtime  was  caused  by  corroding  slip-rings  and  electrical  terminals, 
which  led  to  arcing  and  failure.  These  failures  were  similar  to  the 
ones  experienced  by  the  5— kW  WECS  tested  at  SNI.  The  WECS  tested  at 
Port  Hueneme  was  done  under  close  monitoring  and  supervision. 

However,  to  test  the  WECS  in  an  actual  operational  mode,  it  was 
moved  to  the  Naval  Station,  Treasure  Island,  in  September  1979.  The 
6-kW  WECS  was  tested  from  September  1979  to  June  1981  and  yielded  the 
following  data: 

a.  Operation,  maintenance,  and  performance  of  the  6-kW  wind 
power  system. 

b.  System  availability  and  reliability. 

Since  the  6-kW  WECS  was  installed,  its  performance  has  been  satis¬ 
factory,  with  only  two  critical  failures.  The  first  failure  occurred  in 
late  December  1979  and  the  second  in  early  April  1981.  Both  failures 
were  caused  by  arcing  at  the  electrical  terminals  located  on  the  yaw 
shaft,  which  caused  grounding  of  the  generator  to  the  tower.  The  oper¬ 
ating  tiroes  before  failure  were  approximately  120  days  and  460  days, 
which  corresponds  to  a  system's  MTBF  of  290  days.  Between  20  May  1980 
and  10  March  1981,  an  interval  of  295  days,  1,115  kW-hr  of  AC  power  was 
supplied  by  the  WECS.  This  value  corresponds  to  an  annual  output  of 
1,380  kW-hr.  As  shown  in  Figure  13,  all  of  the  test  data  for  WECS  per¬ 
formance  at  Treasure  Island  were  taken  at  windspeeds  below  20  mph.  The 
field  data  show  a  mismatch  of  inverter  impedance  with  that  of  the  line 
at  windspeeds  greater  than  20  mph.  To  measure  WECS  performance  at  higher 
windspeeds,  it  was  moved  to  SNI  where  it  worked  for  about  30  days  and 
yielded  good  results.  Due  to  the  excessive  corrosion  of  its  components, 
the  WECS  was  retired  in  January  1984.  The  performance  data  from  SNI  is 
shown  in  Figure  14. 

The  test  results  from  the  6-kW  WECS  evaluation  formed  a  basis  for 
providing  assistance  to  the  field  divisions  in  the  application  of  wind 
power  at  Naval  installations.  Above  all,  the  experience  and  data  devel¬ 
oped  during  the  WECS  demonstrations  has  enhanced  the  Navy's  technical 
knowledge  to  implement  wind  power  systems  at  Navy  bases  effectively. 
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9-KW  WECS  Demonstration  at  NWC,  China  Lake 


The  9-kW  WECS  with  battery  storage,  located  at  NWC  China  Lake,  was 
evaluated  for  remote  site  stand-alone  applications.  The  WECS  employed  a 
variable-speed,  downwind  rotor  32.8  feet  in  diameter  with  three  variable- 
pitch  blades.  The  blades  were  made  of  straight  section  extruded  aluminum, 
each  with  a  twisted  and  tapered  fiberglass  tip  for  high  durability  and 
efficiency  of  conversion.  The  blade  pitch  was  controlled  by  a  hydraulic 
governor  in  several  stages: 

a.  High  pitch  for  startup  in  8  mph  winds. 

b.  Constant  pitch  between  startup  to  full  power  (8  to  20  mph 
winds) . 

c.  Continuous  pitch  regulator  to  control  rotor  speed  at  full 
power  in  winds  20  mph  or  greater. 

d.  High  wind  shutdown  in  winds  greater  than  45  mph. 

The  rotor  drove  a  low-speed,  permanent  magnet  alternator  without  a 
gearbox.  This  arrangement  resulted  in  high  system  efficiency  and  reli- 
ability .  The  entire  rotor  system  and  generator  assembly  was  mounted  on 
3.  55— foot  high,  tiltdown,  tubular  tower  for  easy  maintenance  and  repairs 
at  this  remote  site. 

The  WECS  installation  is  shown  in  Figure  15,  and  Table  4  lists  the 
specifications.  A  voltage  regulator  was  incorporated  into  the  system 
for  charging  a  deep— cycle,  heavy-duty,  lead-acid  battery  bank  with  a 
storage  capacity  of  112  kW-hr.  A  solid  state  constant  frequency 
(60  Hertz)  inverter  connected  to  the  battery  bank  supplied  the  load 
power  requirements . 

The  system  was  installed  at  China  Lake  in  September  1982  for  check¬ 
out  before  being  installed  at  Pinoh  Peak  for  advanced  demonstration. 

The  manufacturer's  performance  curve  for  the  WECS  is  shown  in  Figure  16. 

Tests  began  in  December  1982.  Since  this  period,  the  wind  turbine 
generator  failed  several  times.  The  first  failure  occurred  after  3  weeks 
of  operation  (early  January  1983)  when,  due  to  arcing  at  the  slip-ring, 
two  of  the  collector  brushes  were  damaged.  Next,  due  to  the  blades 
flapping,  the  shroud  around  the  hub  assembly  was  damaged.  The  design 
modifications  recommended  by  the  vendor  corrected  this  problem.  Also, 
the  overspeed  control  sensor  for  high— wind  condition  shutdown  functioned 
improperly.  The  bearing  hydraulic  governor  assembly  failed.  Figures  17 
and  18  show  the  damaged  shroud  and  its  attachment  braces.  However,  the 
weakest  link  in  the  generator  is  the  hydraulic  controller,  which  has  an 
extremely  poor  reliability.  The  manufacturer  is  working  to  improve  the 
hydraulic  controller's  design.  As  shown  by  the  output  versus  windspeed 
curve  of  Figure  16,  this  WECS's  performance  has  been  excellent. 

Some  minor  failures  in  the  voltage  regulator  were  experienced  in 
January  1983,  when  arcing  at  the  slip-ring  was  experienced.  The  vendor 
repaired  the  system  and  the  system  operated  for  approximately  20  days 
when  the  hydraulic  actuator  actuator  malfunctioned  again.  The  9-kW  WECS 
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tests  at  China  Lake  were  discontinued  and  in  May  1984  the  WECS  was  relo¬ 
cated  to  Skaggs  Island.  The  WECS  will  be  generating  in  parallel  with 
the  distribution  system  with  a  line  commutated  inverter. 

A  new  16-kW  system  was  selected  for  the  NWC  Pinon  Peak  site.  It 
must  be  noted  that  throughout  the  field  tests  at  China  Lake,  the  inverters 
and  batteries  performed  very  well.  The  details  of  the  16-kW  WECS  demon¬ 
stration  at  Pinon  Peak  will  be  covered  in  a  separate  report. 

10-kW  WECS  Demonstration  at  MCLB  Barstow 


The  WECS  demonstrated  at  the  Marine  Corps  Logistics  Base  (MCLB) , 
Barstow,  was  of  a  commercially  designed  10-kW  wind-driven  turbine  induc¬ 
tion  generator.  The  reason  for  choosing  this  type  of  WECS  was  its  low 
cost  ($600/kW)  and  its  simple  design  (because  of  its  induction  generator). 
The  WECS  used  a  three-bladed  rotor  24.3  feet  in  diameter  and  was  designed 
to  produce  10  kW  at  a  rated  windspeed  of  25  mph.  The  system  was  mounted 
on  a  free-standing,  truss  type  steel  tower  approximately  40  feet  in 
height.  The  WECS  installed  at  MCLB  is  shown  in  Figure  19.  The  specifi¬ 
cations  of  the  WECS  are  listed  in  Table  5.  The  system  was  installed  at 
Barstow  in  September  1982  and  the  tests  began  in  October  1982.  The  sys¬ 
tem  performed  well  until  March  1983  with  a  maximum  output  of  8.5  kW  in 
winds  of  30  mph.  A  plot  of  the  WECSTs  performance  characteristics  is 
shown  in  Figure  20.  Clearly,  the  machine’s  performance  was  not  as  good 
as  claimed  by  the  vendor. 

The  WECS  yawed  freely  with  the  wind’s  direction  changes;  the  fea¬ 
thering  control  performed  well  by  shutting  the  machine  down  in  high  winds 
and  restarting  it  when  the  winds  subsided.  On  23  March  1983,  the  machine 
coupling  failed,  which  resulted  in  the  rotor  free-wheeling  in  high  winds, 
which  caused  the  rotor  to  overspeed.  Consequently,  the  rotor  blades  hit 
the  tower  and  damaged  it  beyond  repair  (Figure  21).  The  damaged  coupling, 
which  caused  the  WECS’s  failure,  is  shown  in  Figure  22.  The  original 
WECS  was  replace  with  a  new  10-kW  WECS  and  the  specification  are  listed 
in  Table  6.  The  new  WECS  (Figure  23)  was  installed  24  May  1984  and  is 
operational.  The  WECS  is  undergoing  checkout  tests  and  the  details  of 
the  test  will  be  included  in  a  separate  report. 

For  future  applications  of  wind  power  at  MCLB,  an  estimate  of  the 
long-term  monthly  and  annual  mean  windspeed  and  power  for  Radio  Hill  was 
derived  from  data  collected  at  that  site  and  from  nearby  Elephant  Mountain 
(Ref  9) .  The  Radio  Hill  data  consists  of  6  months  of  data  collected 
during  1981.  The  Elephant  Mountain  data  consists  of  16  months  of  data, 
collected  during  1979  through  1981.  The  two  stations  were  operating 
simultaneously  during  3  months  of  1981,  and  this  link  provided  a  means 
of  relating  the  Radio  Hill  site  to  the  more  familiar  site  on  Elephant 
Mountain.  Elephant  Mountain,  located  roughly  3-1/2  miles  northeast  of 
Radio  Hill,  is  used  as  a  reference  to  determine  the  long-term  wind 
characteristics  at  Radio  Hill. 

The  three  columns  in  Table  7  give  the  estimated  long-term  monthly 
and  annual  mean  values  of  windspeed,  power,  and  energy  pattern  factor 
(EPF).  The  EPF,  which  is  a  measure  of  the  variability  of  the  wind,  is 
defined  as  the  mean  speed  cubed  divided  by  the  cube  of  the  mean  wind- 
speed.  A  ’’normal”  (Rayleigh  function)  distribution  of  windspeed  has  an 
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annual  EPF  of  1*93.  EPF’s  well  below  1.93  indicate  a  relatively  steady 
windspeed,  and  vice  versa.  The  minimum  value  is  1.00,  which  represents 
a  constant  windspeed. 

The  1981  monthly  estimated  mean  windspeed  is  illustrated  in  Figure  24. 
During  the  months  of  collecting  data  at  both  Elephant  Mountain  and  Radio 
Hill,  the  ratio  of  monthly  mean  windspeed  at  the  sites  was  a  constant 
0.58. 

The  seasonal  pattern  of  mean  windspeed  at  Elephant  Mountain  was 
also  expected  at  Radio  Hill.  The  highest  estimated  monthly  mean  wind- 
speed  was  15.5  mph  in  April.  The  lowest  estimated  mean  speed  was  6.0 
mph  in  December.  The  estimated  long-term  annual  mean  windspeed  for  Radio 
Hill  was  10.3  mph.  The  wind  in  1981  fits  the  long-term  estimate. 

Although  March  and  April  had  a  higher  mean  windspeed  the  the  estimate, 

May,  July,  and  August  had  a  lower  mean  windspeed. 

The  best  estimate  of  long-term  mean  windspeed  at  Radio  Hill  was 
slightly  lower  than  the  1981  spring  values,  but  slightly  higher  than  the 
1981  values  for  July  and  August.  However  it  is  possible  that  March  and 
April  1981  are  more  representative  of  the  long-term  monthly  mean  wind- 
speeds  for  the  spring.  In  that  case,  the  long-term  annual  mean  wind- 
speed  for  Radio  Hill  would  be  increased  to  10.5  mph.  Radio  Hill  was 
expected  to  have  its  highest  value,  27  watts/ft2,  of  monthly  mean  wind 
power  in  March,  while  the  lowest  wind  power,  4.2  watts/ft2,  was  expected 
in  December.  The  estimated  long-term  annual  mean  wind  power  for  Radio 
Hill  was  13.5  watts/ft2.  The  EPFs  at  R.adio  Hill  were  similar  to  those 
at  Elephant  Mountain.  Winds  during  the  spring  and  summer  were  steady 
while  winds  in  the  fall  and  winter  varied.  EPF’s  were  slightly  higher 
at  R.adio  Hill  than  at  Elephant  Mountain.  It  is  expected  that  these  sea¬ 
sonal  patterns  will  be  repeated  year  after  year.  The  principal  wind 
direction  at  the  Radio  Hill  site  is  west.  Over  90%  of  the  wind’s  energy 
is  produced  from  winds  originating  from  this  quadrant. 

The  above  analysis  is  for  the  Radio  Hill  site  at  the  30-foot  level. 
Windspeeds  at  the  hub  height  can  be  estimated  from  the  power  law: 


U(H) 


U  (30) 


(h  +  d) 
(30  +  d) 


0.143 


where  U(H)  and  U(30)  are  the  mean  windspeeds  at  hub  height  and  30  feet 
respectively,  and  d  is  a  displacement.  In  flat  terrain  d  -  0.  In  the 
case  of  Radio  Hill,  where  the  anemometer  is  located  atop  a  small,  steep 
hill,  some  of  the  wind  passes  to  either  side  of  the  hill,  which  increases 
the  height  of  the  anemometer  relative  to  the  wind’s  profile.  Determining 
the  exact  value  of  this  upward  displacement,  d,  is  difficult  without  an 
on-site,  multi-level  measurement.  A  rough  estimate  of  this  displacement 
is  d  =  10  feet. 

Using  d  =  10  feet,  U(30)  =  10.3  mph,  and  h  =  80  feet  and  100  feet, 
respectively.  Equation  (1)  gives  an  estimated  long-term  annual  mean 
windspeed  of  11.6  mph  at  80  feet  and  11.9  mph  at  100  feet.  This  infor¬ 
mation  will  be  verified  by  the  on-site  wind  resources  measuring  equip¬ 
ment  presently  located  at  Radio  Hill.  Additionally,  this  information 
will  be  used  as  a  guide  for  testing  the  new  10-kW  WECS  at  Radio  Hill. 
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20-kW  WECS  Demonstration  at  Kaneohe  Bay,  Hawaii 


A  20-kW  WECS  using  a  three-phase,  line-commutated  inverter  was 
installed  at  the  Marine  Corps  Air  Station  (MCAS) ,  Kaneohe  Bay,  Hawaii, 
in  September  1978  (Ref  10).  This  WECS  system  was  a  commercially  designed, 
downwind,  2-kW  wind-driven  turbine  with  a  synchronous  inverter.  The 
wind  turbine  had  a  three-phase  alternator  driven  by  a  three-bladed  rotor, 
24  feet  in  diameter.  The  system  was  mounted  on  a  free-standing,  rein¬ 
forced  concrete  tower  approximately  38  feet  in  height  and  was  designed 
to  produce  20  kW  of  power  at  a  rated  windspeed  of  29  mph.  The  WECS  was 
configured  to  supply  power  to  an  instrumentation  shop.  The  WECS  system 
installation  is  shown  in  Figure  25 .  A  plot  of  power  output  versus  wind- 
speed  is  shown  in  Figure  26,  and  the  design  characteristics  are  listed 
in  Table  8. 

Test  results  from  this  WECS  have  yielded  the  following  information. 
The  system  had  numerous  technical  problems.  The  electronic  control  unit 
(ECU)  failed  three  times  during  the  test.  The  synchronous  inverter  fuses 
were  also  blown.  No  more  problems  were  observed  with  the  synchronous 
inverter  after  a  27-kVA  isolated  transformer  was  placed  between  the 
inverter  and  the  grid.  Based  on  this  experience,  one  recommendation  is 
to  avoid  using  a  complicated  control  system  such  as  the  ECU.  The  ECU  is 
too  complicated  in  design  and  very  unreliable.  However,  if  such  a  system 
must  be  used,  spares  should  be  kept  available  for  easy  repair  and  shorter 
downtime. 

The  test  results,  based  on  3.5  years  of  testing,  indicated  that  the 
WECS  at  Kaneohe  Bay  had  a  MTBF  of  61  days.  This  low  value  for  the  MTBF 
is  attributed  to  the  prototype  nature  of  the  WECS  design  that  used  the 
complicated  electronic  controls.  Over  the  past  few  years,  wind  turbine 
technology  has  advanced  considerably  and  some  WECS  designs  with  improved 
MTBF  values  are  now  available.  In  January  1983  the  20-kW  WECS  at  Kaneohe 
Bay  was  replaced  by  such  a  system  with  a  12-kW  output  rating.  The  new 
WECS  is  currently  undergoing  field  tests  to  gather  performance,  operating, 
and  maintenance  data. 

12-kW  Grid-Integrated,  High  Reliability  WECS  Demonstration  at 
Kaneohe  Bay ,  Hawaii 

The  12-kW  WECS  installed  at  Kaneohe  Bay  is  shown  in  Figure  27,  and 
the  design  characteristics  are  listed  in  Table  9.  The  test,  which  is 
still  in  progress,  has  shown  that  the  machine  is  reliable  with  no  prob¬ 
lems.  Good  points  of  this  machine  include  the  absence  of  slip-rings  and 
bearings,  and  the  ability  to  function  in  winds  up  to  100  mph.  Figure  28 
shows  the  generator's  output  versus  windspeed. 

This  WECS  is  still  undergoing  field  testing  to  obtain  the  following 
information: 

(a)  Operation,  maintenance,  and  performance  data  of  the  WECS 

(b)  System  reliability 

(c)  Economics  of  such  power  sources 
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DISCUSSION 


As  shown  by  the  field  tests,  it  is  evident  that  most  of  the  WECS 
available  today  are  plagued  with  failures  that  result  in  low  availability. 
Two  exceptions  are  the  2-kW  WECS  at  Port  Hueneme  and  the  12-kW  WECS  at 
Kaneohe  Bay,  Hawaii,  which  have  about  a  90%  system  availability.  The 
failures  were  attributed  to  design  errors  (ignorance  of  natural  laws, 
including  inexperience  in  the  overall  concept  of  wind  turbine  technology) . 
This  is  particularly  true  of  the  WECS  manufactured  by  small  companies, 
which  lack  knowledge  in  either  aerodynamics,  electrical  machines,  or 
electronic  controls,  including  basic  mechanical  designs,  by  underesti¬ 
mating  the  tremendous  dynamic  forces  generated  by  atmospheric  turbulence. 
It  should  also  be  noted  that  these  WECS  were  operated  in  severe  environ¬ 
mental  condition  (e.g.,  salt  spray,  blowing  sand,  grit,  etc.)  and  in 
most  cases  the  design  did  not  always  consider  these  factors.  As  a  result, 
there  are  only  three  manufacturers  who  market  reliable  WECS  in  the 
l-to-40  kW  range.  The  main  design  features  of  a  reliable  WECS  are: 

Rotor 


A  good  rotor  should  use  fixed-pitch  blades.  The  low  extra  output 
available  from  variable— pitch  blades  is  more  than  offset  by  the  downtime 
created  with  the  variable-pitch  mechanism  and  maintenance  requirements. 
Fixed-pitch  blades  can  be  attached  to  the  main  shaft,  and  can  be  set  at 
the  factory  for  perfect  dynamic  balance. 

Bearings 

The  fatigue  life  of  most  roller  bearings  used  in  WECS  is  about 
50,000  hours.  It  is,  therefore,  concluded  that  the  bearings  of  WECS 
system  will  have  to  be  changed  every  4  to  5  years  as  part  of  a  preven¬ 
tive  maintenance  program. 

Yaw  System 

A  yaw  control  provided  through  a  tail-vane  or  simply  a  downwind 
machine  controlled  by  the  wind  is  undesirable.  This  type  of  yaw  control 
responds  instantly  to  the  always  changing,  wind  direction.  Because  of 
the  inertia-gyroscopic  effect  generated  by  the  turning  rotor,  tremendous 
forces,  thus  stresses,  are  generated  on  the  blades.  This  fatigues  the 
yaw  shaft,  until  it  finally  breaks  off,  destroying  the  entire  WECS  and 
perhaps  causing  other  safety  hazards. 

Smaller  machines,  which  generally  do  not  suffer  from  gyro-induced 
stresses,  are  currently  equipped  with  a  side  vane,  to  turn  the  turbine 
away  from  the  wind  if  it  is  blowing  too  hard.  However,  a  turbine  oriented 
at  a  certain  angle  to  the  wind  results  in  a  different  angle  of  attack, 
two  times  per  revolution  of  every  blade.  This  means  that  the  mechanical 
forces  on  the  blades  are  reversed  twice  during  every  revolution,  again 
inducing  extreme  fatigue  on  the  blades.  Hence,  a  good  WECS  rotor  must 
be  designed  to  generate  power  at  all  windspeeds  up  to  its  survival  speed. 
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Certain  WECS  designs  available  now  employ  extra  small  tail-rotors 
that  start  running  when  hit  by  a  side  wind.  These  running  rotors  are 
geared  down  some  2,000  to  4,000  times  before  yawing  the  nacelle.  Not 
only  are  the  gyro  effects  insignificant,  due  to  the  very  slow  yaw  move¬ 
ments,  but  the  prop  yaws  the  heavy  nacelle  into  the  wind  much  earlier 
(with  lower  windspeeds)  than  other  systems  that  rely  on  pure  wind  forces. 

As  a  result  of  the  above  discussion,  it  is  clear  that  a  wind  machine 
should  never  be  turned  away  from  the  wind.  Always  keep  it  in  the  wind 
completely.  Even  more,  do  not  shut  it  down  because  of  high  winds;  a 
running  mill  presents  resistance  than  one  shut  down  (unless  completely 
feathered) . 

Slip-Rings 

If  possible,  do  not  use  slip-rings  because  of  increased  maintenance. 
There  are  some  WECS  on  the  market  that  do  not  use  slip-rings.  Eliminating 
the  slip-rings  increases  the  WECS’s  availability  and  reliability. 


CONCLUSIONS 

The  results  of  NCEL's  investigation  to  date  lead  to  following  con¬ 
clusions  : 

1.  The  WECS  rotor  must  use  fixed-pitch,  nonmetallic  blades  with  an  upwind 
configuration. 

2.  The  electric  generator  must  be  a  low-speed,  permanent-magnet  type 
that  has  variable  speeds  and  eliminates  the  use  of  gearboxes. 

3.  Avoid  using  complicated  control  systems,  such  as  the  ECU.  If  they 
are  used  spares  should  be  kept  on  hand. 

4.  If  at  all  possible,  slip-ring  and  bearing  must  be  eliminated. 

5.  All  the  controls  must  be  passive  and  fail  safe. 

6.  The  tower  must  be  guyed  and  hinged  for  easy  maintenance. 

7.  All  bearings  should  be  sealed  and  self-lubricating. 


FUTURE  TRENDS 

There  are  some  manufacturers  who  are  designing  and  marketing  small 
WECS  with  the  desirable  design  features  discussed  in  this  report.  NCEL!s 
current  experience  with  nine  systems  indicate  a  definite  improvement  in 
WECS*  1 2 3 4 5 6 7 s  reliability  and  availability.  Efforts  are  underway  at  the 
Laboratory  to  gather  data  on  the  operation  and  maintenance  characteristics 
of  such  systems  in  an  application  mode. 
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Table  1.  Specifications  for  2-kW,  Upwind,  Horizontal 
Axis  WECS  at  NCEL,  Port  Hueneme,  California 


Item  Value 


Rotor 

Diameter 

Capture  area 

Blade  materials 

Number  of  blades 

Rotor  solidity 

Rotational  speed 

Cut-in  windspeed 

Cut-out  windspeed 

Rated  windspeed 

Survival  windspeed 
Overspeed  control 
latching 

12.5  ft 

122.7  ft2 

Stainless  steel 

3 

10.0% 

130-180  rpm 

10  mph 

None 

25  mph 

100  mph 

Centrifugal  governor  with  magnetic 

Transmission 

Type 

Gear  ratio 

Planetary  gear  stepup 

5.1 

Generator 

Type 

Number  of  poles 

Rated  voltage 

Power  form 

Rated  power 

Power  curve 

Field  slip-rings 

Yaw  slip-rings 

Self-excited  brushless  rotor 

8 

220  volts,  3-phase 

3-phase  variable  frequency,  43-60  Hz 

2  kW  at  25  mph,  3  kW  at  30  mph 

See  Figure  7 

None 

Five  similar  aero-motive  type 

Tower 

Type 

Height 

Protective  coatings 

Open-truss,  free  standing 

60  ft 

Heavy  galvanized 

Power  Conditioning 

Generic  type 

Automatic  load  matching  with  relays 
for  switching  loads 

Features 

Load  relays  are  operated  with  commercial 
control  modules 

Site  Information 

Annual  average  windspeed 
Corrosion  potential 
Environmental  extremes 

6.5  mph 

High 

Heavy  saltwater  spray 
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Table  2.  Specifications  for  5-kW,  Upwind,  Horizontal 
Axis  San  Nicolas  Island,  California 


Item 

Value 

Rotor 

Diameter 

Capture  area 

Blade  materials 

Number  of  blades 

Rotor  solidity 

Rotational  speed 

Cut-in  windspeed 

Cut-out  windspeed 

Rated  windspeed 

Survival  windspeed 
Overspeed  control 

16.42  ft 

211.7  ft2 

Laminated  wood 

3 

5% 

100-200  rpm 

8  mph 

45  mph 

24  mph 

100  mph 

Centrifugal  governor 

Transmission 

Type 

Gear  ratio 

Planetary  gears,  stepup 

4.12 

Generator 

Type 

Number  of  poles 

Rated  voltage 

Power  form 

Rated  power 

Power  curve 

Field  slip-rings 

Yaw  slip-rings 

Self-excited  with  field  brushes 

16 

190  volts,  3  phase 

3-phase  variable  frequency  55-110  Hz 

5  kW 

See  Figure  9 

2 

3 

Tower 

Type 

Height 

Protective  coatings 

Open-truss  guyed 

50  ft 

Heavy  galvanized 

Power  Conditioning 

Generic  type 

Automatic  load  matching  with  switching 
loads 

Features 

Load  relays  are  operated  with  commercial 
control  modules 

Site  Information 

Annual  average  windspeed 
Corrosion  potential 
Environmental  extremes 

15  mph 

Very  high 

High  corrosion  potential,  high  humidity 
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Table  3,  Specifications  for  6-kW,  WECS,  Upwind,  Horizontal, 
Axis  at  Treasure  Island,  California 


Item 

Value 

Rotor 

Diameter 

Capture  area 

Blade  material 

Number  of  blades 

Rotor  solidity 

Rotational  speed 

Cut-in  windspeed 

Cut-out  windspeed 

Rated  windspeed 

Survival  windspeed 
Overspeed  control 

17.42  ft 

238.371  ft2 

Laminated  wooden  blades  without  twist 

3 

5.2% 

100-200  rpm 

8  mph 

45  mph 

28  mph 

100  mph 

Centrifugal  governor 

Transmission 

Type 

Gear  ratio 

Planetary  gears,  stepup 

4.12 

Generator 

Type 

Number  of  poles 

Rated  voltage 

Power  form 

Rated  power 

Power  curve 

Field  slip-rings 

Yaw  slip-rings 

Rotational  speed 

3-phase,  permanent-magnet  rotor 

16 

140  volts 

DC 

6  kW 

See  Figure  13 

None 

3 

412-824  rpm 

Tower 

Type 

Height 

Protective  coatings 

Open  truss,  free  standing 

60  ft 

Heavy  galvanized 

Power  Conditioning 

Generic  type 

Features 

Single-phase ,  line-commutated  inverter 
120  volts  AC  (rated  voltage) 

7.5  kW  (rated  power  output) 

Site  Information 

Average  available  power 
in  the  wind 

Annual  average  windspeed 
Corrosion  potential 
Environmental  extremes 

4-5  watts/ft2 

8-10  mph 

Not  very  severe 

Not  significant 
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Table  4.  Specifications  for  9-kW  Downwind,  Horizontal 
Axis  WECS,  at  NEk,  China  Lake,  California 


Item 

Value 

Rotor 

Diameter 

Capture  area 

Blade  material 

32.8  ft 

845.0  ft2 

Straight  section  extruded  aluminum  with 
twisted  and  tapered  fiberglass  tip 

Number  of  blades 

Rotor  solidity 

Rotational  speed 

Cut-in  windspeed 

Cut-out  windspeed 

Rated  windspeed 

Survival  windspeed 
Overspeed  control 

3 

4% 

65  to  160  rpm 

9  mph 

45  mph 

20  mph 

125  mph 

Hydraulic  governor 

Transmission 

None 

Generator 

Type 

Number  of  poles 

Rated  voltage 

Power  form 

Rated  Power 

Power  curve 

Field  slip-rings 

Yaw  slip-rings 

Rotational  speed 

Permanent  magnet,  3-phase  alternator 

58 

240  volts 

3-phase,  AC 

9  kW 

See  Figure  16 

None 

3 

0  to  160  rpm 

Tower 

Type 

Hinged  tubular,  guyed  with  a  winch 
and  A-frame 

Height 

Protective  coatings 

55  ft 

Galvanized 

Power  Conditioning 

Generic  type 

Solid-state,  constant  frequency 
inverter 

Features 

120  VAC  (rated  voltage) 

9.5  kW  (rated  power  output) 

Site  Information 

Average  available  power 
in  the  wind 

Annual  average  windspeed 
Corrosion  potential 
Environmental  extremes 

6.5  watts/ft2 

6 . 6  mph 

None 

Blowing  sand  and  grit 

continued 


26 


Table  4.  Continued 


Storage 

Type 


Item 


Value 


57  lead  acid  2.1  volt  cells  connected 
in  series.  (Note:  The  cells  are 
heavy  duty  lead-acid  batteries  with 
tubeless  cathodes  with  a  charge 
rating  of  930  ampere-hours.) 
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Table  5.  Specifications  for  10-kW  Upwind,  Horizontal 
Axis  WECS  at  Radio  Hill,  Barstow,  California 


Item 

Rotor 

Diameter 
Capture  area 
Blade  material 
Number  of  blades 
Rotor  solidity 
Rotational  speed 
Cut-in  windspeed 
Cut-out  windspeed 
Rated  windspeed 
Survival  windspeed 
Overspeed  control 

Transmission 

Type 

Gear  ratio 

Generator 

Type 

Number  of  poles 
Rated  voltage 
Power  form 
Rated  power 
Power  curve 
Field  slip-rings 
Yaw  slip-rings 
Rotational  speed 

Tower 

Type 

Height 

Protective  coatings 

Power  Conditioning 

Site  Information 

Average  available  power 
in  the  wind 

Annual  average  windspeed 
Corrosion  potential 
Environmental  extremes 


Value 


24.3  ft 
491  ft2 
Steel 
3 

9% 

80  to  85  rpm 
9  mph 
60  mph 
25  mph 
100  mph 

Centrifugal  governor 

Planetary  gearbox,  step  up 
18 


3-phase  induction  generator 
4 

240  volts 
3-phase,  AC 
10  kW 

See  Figure  20 

None 

3 

80  to  85  rpm 

Free-standing  truss- type 
40  ft 

Galvanized 

None 

18.0  watts/ft2 

10.8  mph 
None 

Blowing  sand  and  grit 
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Table  6.  Specifications  for  the  New  10-kW  Upwind,  Horizontal 
Axis  Radio  Hill,  Barstow,  California 


Item 

Value 

Rotor 

Diameter 

Capture  area 

Blade  material 

Number  of  blades 

Rotor  solidity 
Rotational  speed 

Cut-in  windspeed 
Cut-out  windspeed 

Rated  windspeed 
Survival  windspeed 
Overspeed  control 

23.0  ft 

416  ft2 

Pultruded  fiberglass 

3 

6% 

60-350  rpm 

8  mph 

35  mph 

28  mph 

120  mph 

Centrifugal  governor 

Transmission 

None 

Generator 

Type 

Number  of  poles 

Rated  voltage 

Power  form 

Rated  power 

Field  slip-rings 

Yaw  slip-rings 

Permanent  magnet  alternator 

20 

120  volts  DC 

3-phase,  AC 

10  kW 

None 

3 

Tower 

Type 

Height 

Protective  coatings 

Truss,  free  standing 

40  ft 

Galvanized 

Power  Conditioning 

Generic  type 

Features 

Single  phase  line  commutated  input 

120  volts  DC  and  output  240  volts  AC, 
60  Hz 

Site  Information 

Annual  average  windspeed  10,8  mph 

Corrosion  potential  None 

Environmental  extremes  Blowing  sand  and  grit 
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Table  7. 


Estimated  Windspeed,  Power,  and  Energy 
Pattern  Factor  for  Radio  Hill  During 


1981 


Month 

Windspeed 

(mph) 

Power 

(watts/ft2) 

EPF 

Jan 

6.4 

4.7 

3.3 

Feb 

8.2 

9.2 

3.1 

Mar 

14.3 

27.0 

1.7 

Apr 

15.5 

26.3 

1.3 

May 

15.1 

22.5 

1.2 

Jun 

13.1 

19.6 

1.6 

Jul 

11.3 

14.1 

1.8 

Aug 

9.9 

10.0 

1.9 

Sep 

8.8 

8.2 

2.2 

Oct 

7.8 

10.1 

3.9 

Nov 

6.8 

6.6 

3.9 

Dec 

6.0 

4.2 

3.6 

Annual 

10.3 

13.5 

2.3 
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Table  8.  Specifications  for  20-kW,  Downwind,  Horizontal 
Axis  WECS  at  Kaneohe  Bay,  Hawaii 


Item 

Value 

Rotor 

Diameter 

Capture  area 

Blade  material 

Number  of  blades 

Rotor  solidity 

Rotational  speed 

Cut-in  windspeed 

Cut-out  windspeed 

Rated  windspeed 

Survival  windspeed 
Overspeed  control 

25.0  ft 

491  ft2 

Aluminum 

3 

8% 

0  to  100  rpm 

8  mph 

60  mph 

29  mph 

100  mph 

Centrifugal  mechanical  governor 

Transmission 

Type 

Gear  ratio 

Planetary  gears 

18.1 

Generator 

Type 

Three-phase  with  a  rectifier  tc  produce 

DC  output  compatible  with  a  synchronous 
inverter 

Number  of  poles 

Rated  voltage 

Power  form 

Rated  power 

Power  curve 

Field  slip-rings 

Yaw  slip-rings 

4 

220  volts 

3-phase,  variable  frequency 

20  kW  at  29  mph  windspeed 

See  Figure  26 

2 

5 

Tower 

Type 

Height 

Protective  coatings 

Free-standing,  cylindrical  concrete 

40  ft 

None 

Power  Conditioning 

Generic  type 

Features  220 

Single-phase,  line-commutated  inverter 

220  volts  AC  (rated  voltage) 

20  kW  (rated  power  output) 

Site  Information 

Average  available  power 
in  the  wind 

14.3  watts/ft2 

Annual  average  windspeed  12  mph 


Corrosion  potential 
Environmental  extremes 

Very  high 

None 
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Table  9.  Specifications  for  12-kW  High  Reliability, 
Upwind,  Horizontal  Axis  at  Kaneohe  Bay, 
Hawaii 

Item  Value 


Rotor 

Diameter 

Capture  area 

Blade  material 

Number  of  blades 

Rotor  solidity 
Rotational  speed 

Cut-in  windspeed 

Cut-out  windspeed 

Rated  windspeed 

Survival  windspeed 
Overspeed  control 

23.0  ft 

415  ft2 

Laminated  wood 

3 

5.2% 

205  rpm  (peak) 

8  mph 

None 

27  mph 

100  mph 

Centrifugal 

Transmission 

Type 

Gear  ratio 

Of f set-hypoid  gear 

6.1 

Generator 

Type 

Number  of  poles 

Rated  voltage 

Power  form 

Rated  power 

Power  curve 

Field  slip-rings 

Yaw  slip-rings 

25-kW  brushless  alternator 

6 

180  volts 

3-phase,  AC 

12.5  kW  at  mph  windspeed 

See  Figure  28 

2 

None 

Tower 

Type 

Height 

Protective  coatings 

Free-standing,  cylindrical  concrete 
40  ft 

None  required 

Power  Conditioning 

Generic  type 

1-phase,  (228-252  volts  AC),  60  Hz 
line-commutated  inverter  with  SCRs 

Features 

15  kW  (rated  power  output) 

Site  Information 

Average  available  power 
in  the  wind 

14.3  watts/ft2 

Annual  average  wind  speed  12  mph 


Corrosion  potential 
Environmental  extremes 

Very  high 

None 
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Winch 

Stand 


Figure  1.  Erecting  a  hinged  tower  using  a  winch  and  A-frame. 
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Figure  2.  Corroded  steel  guy  wire,  MCAS,  Kaneohe,  Hawaii 


Figure  3. 


Typical 

200-kW, 


interference  zones — television  bands, 
rotor  diameter  125  feet,) 


(WECS  size 
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s?. _ Wind 


Figure  4.  WECS  television  interference  geometry. 


Water 

Tank 


Figure  5.  Automatic  load  matching  system  schematic  for  WECS. 
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WECS  OUTPUT  (kW) 


Figure  6.  2-kW  WECS  with  an  automatic  load  matching  system 


Figure  7 .  Performance  curve  for  2-kW  WECS  at 
NCEL,  Port  Hueneme. 


Figure  8.  5-kW  WECS  installed  at  San  Nicolas  Island. 
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10  T-  Legend 

I  +  _  5kW  WECS  with  a  load  matching  device 

•  —  6kW  WECS  with  a  synchronous  inverter 


WIND  SPEED  (MPH) 


50 


Figure  9.  Performance  curve  for  5-kW  WECS  at  San  Nicolas  Island. 
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Figure  10.  Corroded  5-kW  WECS  bearings. 


40 


Figure  11.  6-kW  WECS  installed  at  Naval  Station, 
Treasure  Island. 

( 
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WECS  OUTPUT  (kW) 


INVERTER  PERFORMANCE 


WINDSPEED  = 

AC  POWER 

DC  POWER  = 

INVERTER  EFFICIENCY  = 


1  1.99  MPH 
0.72  kW 
0.80  kW 
0.72/0.80-  90% 


Figure  12.  Synchronous  inverter  output  waveforms  at 
Naval  Station,  Treasure  Island. 


Figure  13.  Performance  curve  of  the  6-kW  WECS  with 
a  synchronous  inverter. 
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WECS  OUTPUT  (kW) 


Figure  14.  Performance  curves  for  6-kW  WECS  at 
San  Nicolas  Island. 
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Figure  15.  9-kW  WECS  installed  at  NWC,  China  Lake. 
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WECS  Output  (kW) 


Legend 

■»  Manufacturer’s  data 


Figure  16.  Performance  curve  for  the  9-kW  WECS  at 
NWC,  China  Lake. 


Figure  17.  9-kWWECS’s  damaged  shroud. 


45 


Figure  18,  9-kW  WECS's  sheared  brace. 


46 


47 


WECS  OUTPUT  (kW) 


10 


7.5  — 


5.0  — 


2.5-~ 


C UT -IN  SPEED 


Legend 

-| - f*  manufacturer’s  data 

-  machine’s  performance 

o  o  o  o  o  NCEL  field  test  data 


20  30 

WIND  SPEED  (MPH) 
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Figure  20.  Performance  curves  for  10-kW  WECS, 


curve 
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Figure  21.  10-kW  WECS's  damaged  rotor. 
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Figure  22.  Damaged  coupling  machine  (link  chain  removed). 
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Figure  23.  New  10-kW  WECS  installed  at  MCLB,  Barstow. 
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Legend 

*  Actual  average  monthly  windspeed 
Estimated  mean  windspeed 


_ I _ i  I _ I _ I _ I _ I _ I _ I _ I _ I _ I 

J  fmamJJasond 

Month  (1981) 


Figure  24.  Estimated  monthly  mean  windspeed  for  Radio  Hill. 
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Figure  25.  20~kW  WECS  installed  at  MCAS 

Kaneohe  Bay,  Hawaii. 


Figure  26.  Measured  performance  curve  of  the  20-kW  WECS. 
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Figure  27.  12-kW  WECS  installed  at  Kaneohe  Bay,  Hawaii. 
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WECS  OUTPUT  (kW) 


Figure  28.  Output  versus  wind  speed  characteristics 
of  the  12-kW  WECS. 
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NAVORDMISTESTFAC  PWD  -  Engr  Dir,  White  Sands,  NM 
NAVORDSTA  PWO,  Louisville  KY 
NAVPETOFF  Code  30,  Alexandria  VA 
NAVPETRES  Director,  Washington  DC 

NAVPGSCOL  Code  1424,  Library,  Monterey,  CA;  PWO  Monterey  CA 
NAVPHIBASE  CO,  ACB  2  Norfolk,  VA;  PWO  Norfolk,  VA;  SCE  Coronado,  SD,CA 
NAVREGMEDCEN  PWD  -  Engr  Div,  Camp  Lejeune,  NC;  PWO,  Camp  Lejeune,  NC 
NAVREGMEDCEN  PWO,  Okinawa,  Japan 

NAVREGMEDCEN  SCE;  SCE  San  Diego,  CA;  SCE,  Camp  Pendleton  CA;  SCE,  Guam;  SCE,  Newport,  RI; 
SCE,  Oakland  CA 

NAVREGMEDCEN  SCE,  Yokosuka,  Japan 
NAVSCOLCECOFF  C35  Port  Hueneme,  CA 
NAVSCSOL  PWO,  Athens  GA 

NAVSEASYSCOM  Code  05R12,  Prog  Mgr  Washington,  DC;  SEA-070C,  Washington,  DC 
NAVSECGRUACT  PWO  Winter  Harbor  ME;  PWO,  Adak  AK;  PWO,  Edzell  Scotland;  PWO,  Puerto  Rico; 
PWO,  Torri  Sta,  Okinawa 

NAVSHIPYD  Code  202.4,  Long  Beach  CA;  Code  202.5  (Library)  Puget  Sound  Bremerton  WA;  Code  380, 
Portsmouth,  VA;  Code  382.3,  Pearl  Harbor,  HI;  Code  400,  Puget  Sound;  Code  440  Portsmouth  NH-  Code 
440,  Norfolk;  Code  440,  Puget  Sound,  Bremerton  WA;  Code  453  (Util.  Supr),  Vallejo  CA;  Code  457 
(Maint.  Supr.)  Mare  Island,  Vallejo  CA;  Commander,  Pearl  Harbor,  HI;  Library,  Portsmouth  NH;  PW 
Dept,  Long  Beach,  CA;  PWD  (Code  420)  Dir  Portsmouth,  VA;  PWD  (Code  450-HD)  Portsmouth,  VA; 

PWD  (Code  453-HD)  SHPO  03,  Portsmouth,  VA;  PWD  -  Utilities  Supt,  Code  903,  Long  Beach,  CA;  PWO, 
Bremerton,  WA;  PWO,  Mare  Island.  Vallejo,  CA;  PWO,  Puget  Sound 
NAVSTA  Adak,  AK;  CO,  Brooklyn  NY;  Code  16P,  Keflavik,  Iceland;  Code  4,  12  Marine  Corps  Dist,  Treasure 
Is.,  San  Francisco  CA;  Dir  Engr  Div,  PWD,  Mayport  FL;  Dir  Mech  Engr  37WC93  Norfolk,  VA;  Engr.  Dir. 
Rota  Spain;  Long  Beach,  CA;  Maint.  Cont.  Div  ,  Guantanamo  Bay  Cuba;  PWD  -  Engr  Dept,  Adak,  AK; 
PWD  -  Engr  Div,  Midway  Is.;  PWO,  Keflavik  Iceland;  PWO,  Mayport  FL;  SCE,  Guam,  Marianas;  SCE, 

Pearl  Harbor  HI;  SCE,  San  Diego  CA;  Utilities  Engr  Off.  Rota  Spain 
NAVSUPPACT  CO,  Naples,  Italy;  PWO  Naples  Italy 
NAVSUPPFAC  PWD  -  Maint.  Control  Div,  Thurmont  MD 

NAVSUPPO  PWO  La  Maddalena,  Italy;  Security  Officer,  La  Maddalena,  Sardinia,  Italy 
NAVSURFWPNCEN  Code  E211  (C.  Rouse)  Dahlgren  VA;  PWO,  White  Oak,  Silver  Spring,  MD;  Security 
Offr,  Silver  Spring  MD 
NAVTECHTRACEN  SCE,  Pensacola  FL 
NAVTELCOMMCOM  Code  53,  Washington,  DC 
NAVWARCOL  Dir.  of  Facil.,  Newport  RI 

NAVWPNCEN  Cmdr,  China  Lake,  CA;  Code  24  (Dir  Safe  &  Sec)  China  Lake,  CA;  Code  2636  China  Lake; 
Code  26605  China  Lake  CA;  Code  623  China  Lake  CA;  PWO  (Code  266)  China  Lake,  CA;  ROICC  (Code 
702),  China  Lake  CA 

NAVWPNEVALFAC  Technical  Library,  Albuquerque  NM 
NAVWPNSTA  (Clebak)  Colts  Neck,  NJ;  Code  092A,  Seal  Beach,  CA 
NAVWPNSTA  PW  Office  Yorktown,  VA 

NAVWPNSTA  PWD  -  Maint.  Control  Div.,  Concord,  CA;  PWD  -  Supr  Gen  Engr,  Seal  Beach,  CA;  PWO  Colts 
Neck,  NJ;  PWO,  Charleston,  SC;  PWO,  Seal  Beach  CA 
NAVWPNSUPPCEN  Code  09  Crane  IN 

NCBC  Code  10  Davisville,  RI;  Code  15,  Port  Hueneme  CA;  Code  155,  Port  Hueneme  CA;  Code  156,  Port 
Hueneme,  CA;  Code  25111  Port  Hueneme,  CA;  Code  430  (PW  Engrng)  Gulfport,  MS;  Code  470.2, 

Gulfport,  MS;  Library,  Davisville,  RI;  NEESA  Code  252  (P  Winters)  Port  Hueneme,  CA;  PWO  (Code  80) 
Port  Hueneme,  CA;  PWO.  Davisville  RI;  PWO,  Gulfport,  MS;  Technical  Library,  Gulfport,  MS 
NCR  20,  Code  R70 

NMCB  FIVE,  Operations  Dept;  THREE,  Operations  Off. 

NOAA  (Mr.  Joseph  Vadus)  Rockville,  MD;  Library  Rockville,  MD 
NRL  Code  5800  Washington,  DC 

NSC  Code  09A  Security  Offr,  Norfolk,  VA;  Code  54.1  Norfolk,  VA;  SCE  Norfolk,  VA;  SCE,  Charleston,  SC 
NSD  SCE,  Subic  Bay,  R.P. 

NSWSES  Code  0150  Port  Hueneme,  CA 
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NUSC  DET  Code  3322  (Varley)  New  London,  CT;  Code  4111  (R  B  MacDonald)  New  London  CT;  Code 
EA123  (R.S.  Munn),  New  London  CT;  Code  SB  331  (Brown),  Newport  RI 
OFFICE  SECRETARY  OF  DEFENSE  OASD  (MRA&L)  Dir.  of  Energy,  Pentagon,  Washington,  DC 
ONR  Code  221,  Arlington  VA;  Code  700F  Arlington  VA 
PACMISRANFAC  HI  Area  Bkg  Sands,  PWO  Kekaha,  Kauai,  HI 
PERRY  OCEAN  ENG  R.  Pellen,  Riviera  Beach,  FL 
PHIBCB  1  P&E,  San  Diego,  CA 

PMTC  Code  3331  (S.  Opatowsky)  Point  Mugu,  CA;  Security  Offr,  Point  Mugu  CA 

PWC  ACE  Office  Norfolk,  VA;  CO,  (Code  10),  Oakland,  CA;  Code  10,  Great  Lakes,  IL;  Code  101  (Library), 
Oakland,  CA;  Code  105  Oakland,  CA;  Code  110,  Great  Lakes,  IL;  Code  110,  Oakland,  CA;  Code  154 
(Library),  Great  Lakes,  IL;  Code  200,  Great  Lakes  IL;  Code  400,  Great  Lakes,  IL;  Code  400,  Pearl  Harbor, 
HI;  Code  400,  San  Diego,  CA;  Code  420,  Great  Lakes,  IL;  Code  420,  Oakland,  CA;  Code  424,  Norfolk, 

VA;  Code  500  Norfolk,  VA;  Code  500,  Great  Lakes,  IL;  Code  500  Oakland;  CA;  Code  505A  Oakland/ 

CA;  Code  590,  San  Diego,  CA;  Code  600,  Great  Lakes,  IL;  Code  610,  San  Diego  Ca;  Code  614,  San  Diego, 
CA;  Code  700,  Great  Lakes,  IL;  Library,  Code  120C,  San  Diego,  CA;  Library,  Guam,  Mariana  Islands; 
Library,  Norfolk,  VA;  Library,  Pearl  Harbor,  HI;  Library,  Pensacola,  FL;  Library,  Subic  Bay,  R  P.; 

Library,  Yokosuka  JA;  Production  Officer,  Norfolk,  VA;  Util  Dept  (R  Pascua)  Pearl  Harbor,  HI 
SPCC  PWO  (Code  120)  Mechanicsburg  PA 
SUPANX  PWO,  Williamsburg  VA 

TENNESSEE  VALLEY  AUTHORITY  Solar  Grp  (W4-C143),  Arch  Br,  Knoxville,  TN 
TVA  Smelser,  Knoxville,  Tenn. 

U.S.  MERCHANT  MARINE  ACADEMY  Kings  Point,  NY  (Reprint  Custodian) 

US  DEPT  OF  INTERIOR  Natl  Park  Serv  (RMR/PC)  Denver,  CO  80225 
USAF  REGIONAL  HOSPITAL  Fairchild  AFB,  WA 
USAFE  HQ  DE-HFO,  Ramstein  AFB,  Germany 

USCG  G-DMT-3/54  (D  Scribner)  Washington  DC;  G-MMT-4/82  (J  Spencer);  Library  Hqs  Washington,  DC 
USCG  R&D  CENTER  D.  Motherway,  Groton  CT;  Library  New  London,  CT 
USDA  Forest  Service,  San  Dimas,  CA 

USNA  Ch.  Mech.  Engr.  Dept  Annapolis  MD;  ENGRNG  Div,  PWD,  Annapolis  MD;  Energy-Environ  Study 
Grp,  Annapolis,  MD;  Mech.  Engr.  Dept.  (C.  Wu),  Annapolis  MD 
USS  FULTON  WPNS  Rep.  Offr  (W-3)  New  York,,  NY 
ADVANCED  TECHNOLOGY  F.  Moss,  Op  Cen  Camarillo,  CA 
ARIZONA  Kroelinger  Tempe,  AZ;  State  Energy  Programs  Off.,  Phoenix  AZ 
AUBURN  UNIV.  Bldg  Sci  Dept,  Lechner,  Auburn.  AL 
BATTELLE  PNW  Labs  (R  Barchet)  Richland  WA 
BERKELEY  PW  Engr  Div,  Harrison,  Berkeley,  CA 

BONNEVILLE  POWER  ADMIN  Portland  OR  (Energy  Consrv.  Off.,  D.  Davey) 

BROOKHAVEN  NATL  LAB  M.  Steinberg,  Upton  NY 

CALIFORNIA  STATE  UNIVERSITY  LONG  BEACH,  CA  (CHELAPATI) 

CITY  OF  AUSTIN  Resource  Mgmt  Dept  (G.  Arnold), Austin,  TX 
CONNECTICUT  Office  of  Policy  &  Mgt,  Energy,  Div,  Hartford,  CT 
CORNELL  UNIVERSITY  Ithaca  NY  (Serials  Dept,  Engr  Lib.) 

DAMES  &  MOORE  LIBRARY  Los  Angeles,  CA 

DRURY  COLLEGE  Physics  Dept,  Springfield,  MO 

FLORIDA  ATLANTIC  UNIVERSITY  Boca  Raton,  FL  (McAllister) 

FOREST  INST.  FOR  OCEAN  &  MOUNTAIN  Carson  City  NV  (Studies  -  Library) 

FRANKLIN  INSTITUTE  M.  Padusis,  Philadelphia  PA 

GEORGIA  INSTITUTE  OF  TECHNOLOGY  (LT  R.  Johnson)  Atlanta,  GA;  Col.  Arch,  Benton,  Atlanta,  GA 

HARVARD  UNIV.  Dept,  of  Architecture,  Dr.  Kim,  Cambridge,  MA 

HAWAII  STATE  DEPT  OF  PLAN.  &  ECON  DEV.  Honolulu  HI  (Tech  Info  Ctr) 

IOWA  STATE  UNIVERSITY  Dept.  Arch,  McKrown,  Ames,  IA 
WOODS  HOLE  OCEANOGRAPHIC  INST.  Woods  Hole  MA  (Winget) 

KEENE  STATE  COLLEGE  Keene  NH  (Cunningham) 

LEHIGH  UNIVERSITY  BETHLEHEM,  PA  (MARINE  GEOTECHNICAL  LAB.  RICHARDS);  Bethlehem 
PA  (Linderman  Lib.  No. 30,  Flecksteiner) 

LOUISIANA  DIV  NATURAL  RESOURCES  &  ENERGY  Div  Of  R&D,  Baton  Rouge,  LA 
MAINE  OFFICE  OF  ENERGY  RESOURCES  Augusta,  ME 
MISSOURI  ENERGY  AGENCY  Jefferson  City  MO 

MIT  Cambridge  MA  (Rm  10-500,  Tech  Reports,  Engr.  Lib.);  Cambridge,  MA  (Harleman) 

MONTANA  ENERGY  OFFICE  Anderson,  Helena,  MT 

NATURAL  ENERGY  LAB  Library,  Honolulu,  HI 

NEW  HAMPSHIRE  Concord  NH  (Governor's  Council  on  Energy) 

NEW  MEXICO  SOLAR  ENERGY  INST.  Dr.  Zwibel  Las  Cruces  NM 
NY  CITY  COMMUNITY  COLLEGE  BROOKLYN,  NY  (LIBRARY) 

NYS  ENERGY  OFFICE  Library,  Albany  NY 

PENNSYLVANIA  STATE  UNIVERSITY  STATE  COLLEGE,  PA  (SNYDER) 
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PORT  SAN  DIEGO  Pro  Eng  for  Port  Fac,  San  Diego,  CA 
PURDUE  UNIVERSITY  Lafayette,  IN  (CE  Engr.  Lib) 

SCRIPPS  INSTITUTE  OF  OCEANOGRAPHY  LA  JOLLA,  CA  (ADAMS) 

SEATTLE  U  Prof  Schwaegler  Seattle  WA 

SOUTHWEST  RSCH  INST  King,  San  Antonio,  TX 

SRI  INTL  Phillips,  Chem  Engr  Lab,  Menlo  Park,  CA 

STATE  UNIV,  OF  NEW  YORK  Fort  Schuyler,  NY  (Longobardi) 

STATE  UNIV,  OF  NY  AT  BUFFALO  School  of  Medicine,  Buffalo,  NY 
TEXAS  A&M  UNIVERSITY  W.B,  Ledbetter  College  Station,  TX 
UNIVERSITY  OF  ALASKA  Doc  Collections  Fairbanks,  AK 

UNIVERSITY  OF  CALIFORNIA  Berkeley  CA  (Dept  of  Naval  Arch.);  Energy  Engineer,  Davis  CA; 

LIVERMORE,  CA  (LAWRENCE  LIVERMORE  LAB,  TOKARZ);  UCSF,  Physical  Plant,  San  Francisco, 
CA 

UNIVERSITY  OF  DELAWARE  Newark,  DE  (Dept  of  Civil  Engineering,  Chesson) 

UNIVERSITY  OF  FLORIDA  Dept  Arch.,  Morgan,  Gainesville,  FL 

UNIVERSITY  OF  HAWAII  (Colin  Ramage)  Dept  of  Meteorology  Honolulu  HI;  HONOLULU,  HI  (SCIENCE 
AND  TECH.  D1V.);  Natl  Energy  Inst  (DR  Neill)  Honolulu  HI 
UNIVERSITY  OF  ILLINOIS  (Hall)  Urbana,  IL;  URBANA,  IL  (LIBRARY) 

UNIVERSITY  OF  MASSACHUSETTS  (Heronemus)  ME  Dept,  Amherst,  MA 
UNIVERSITY  OF  NEBRASKA-LINCOLN  Lincoln,  NE  (Ross  Ice  Shelf  Proj.) 

UNIVERSITY  OF  NEW  HAMPSHIRE  Elec.  Engr.  Depot,  Dr.  Murdoch,  Durham,  N.H. 

UNIVERSITY  OF  TEXAS  Inst.  Marine  Sci  (Library),  Port  Arkansas  TX 
UNIVERSITY  OF  TEXAS  AT  AUSTIN  AUSTIN,  TX  (THOMPSON) 

UNIVERSITY  OF  WASHINGTON  Seattle  WA  (E.  Linger) 

UNIVERSITY  OF  WISCONSIN  Milwaukee  WI  (Ctr  of  Great  Lakes  Studies) 

APPLIED  SYSTEMS  R.  Smith,  Agana,  Guam 

ARVID  GRANT  OLYMPIA,  WA 

ATLANTIC  RICHFIELD  CO.  DALLAS,  TX  (SMITH) 

BECHTEL  CORP.  SAN  FRANCISCO,  CA  (PHELPS) 

BROWN  &  ROOT  Houston  TX  (D.  Ward) 

CHEMED  CORP  Lake  Zurich  IL  (Dearborn  Chem.  Div.Lib.) 

CHEVRON  OIL  FIELD  RESEARCH  CO.  LA  HABRA  CA  (BROOKS) 

COLUMBIA  GULF  TRANSMISSION  CO.  HOUSTON,  TX  (ENG.  I  IB.) 

DESIGN  SERVICES  Beck,  Ventura,  CA 

DILLINGHAM  PRECAST  F.  McHale,  Honolulu  HI 

DIXIE  DIVING  CENTER  Decatur,  GA 

DURLACH,  O'NEAL,  JENKINS  &  ASSOC.  Columbia  SC 

EXXON  PRODUCTION  RESEARCH  CO  Houston,  TX  (Chao) 

HUGHES  AIRCRAFT  Co  Tech  Doc  Ctr,  El  Segundo.  CA 
KLEIN  ASSOCIATES  Vincent,  Salem  NH 

LITHONIA  LIGHTING  Application  eng.  Dept.  (B  Helton),  Conyers,  GA  30207 
MC  DERMOTT,  INC  E&M  Division,  New  Orleans,  LA 

MCDONNELL  AIRCRAFT  CO.  (Goff)  Sr  Engr,  Engrng  Dept,  St.  Louis,  MO 
MEDERMOTT  &  CO.  Diving  Division,  Harvey,  LA 

NEWPORT  NEWS  SHIPBLDG  &  DRYDOCK  CO.  Newport  News  VA  (Tech.  Lib.) 

PACIFIC  MARINE  TECHNOLOGY  (M.  Wagner)  Duvall,  WA 
PG&E  Library,  San  Francisco,  CA 

PORTLAND  CEMENT  ASSOC.  Skokie  IL  (Rsch  &  Dev  Lab,  Lib.) 

RAYMOND  INTERNATIONAL  INC.  E  Colle  Soil  Tech  Dept,  Pennsauken,  NJ 
ROCKWELL  INTL  Energy  Sys  Group  (R.A.  Williams)  Golden  CO 
SANDIA  LABORATORIES  Albuquerque,  NM  (Vortman);  Library  Div.,  Livermore  CA 
SCHUPACK  ASSOC  SO.  NORWALK,  CT  (SCHUPACK) 

SEATECH  CORP.  MIAMI,  FL  (PERONI) 

SHANNON  &  WILLSON  INC.  Librarian  Seattle,  WA 
SHELL  DEVELOPMENT  CO.  Houston  TX  (C.  Sellars  Jr.) 

TEXTRON  INC  BUFFALO,  NY  (RESEARCH  CENTER  LIB.) 

TRW  SYSTEMS  REDONDO  BEACH,  CA  (DAI) 

UNITED  KINGDOM  LNO,  USA  Meradcom,  Fort  Belvoir,  VA 

UNITED  TECHNOLOGIES  Windsor  Locks  CT  (Hamilton  Std  Div.,  Library) 

WARD,  WOLSTENHOLD  ARCHITECTS  Sacramento,  CA 

WESTINGHOUSE  ELECTRIC  CORP  Annapolis  MD  (Oceanic  Div  Lib.  Bryan);  Library,  Pittsburgh  PA 
WM  CLAPP  LABS  -  BATTELLE  DUXBURY,  MA  (LIBRARY) 

WOODWARD-CLYDE  CONSULTANTS  PLYMOUTH  MEETING  PA  (CROSS,  III) 

FISHER  San  Diego,  Ca 
KETRON,  BOB  Ft  Worth,  TX 
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KRUZIC,  T.P.  Silver  Spring,  MD 
PETERSEN,  CAPT  N.W.  Camarillo,  CA 
SPIELVOGEL,  LARRY  Wyncote  PA 
T.W.  MERMEL  Washington  DC 

ENERGY  RESOURCE  ASSOC  J.P.  Waltz,  Livermore,  CA 
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PLEASE  HELP  US  PUT  THE  ZIP  IN  YOUR 
MAIL!  ADD  YOUR  FOUR  NEW  ZIP  DIGITS 
TO  YOUR  LABEL  (OR  FACSIMILE), 
STAPLE  INSIDE  THIS  SELF-MAILER,  AND 
RETURN  TO  US. 
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Commanding  Officer 
Code  LI  4 

Naval  Civil  Engineering  Laboratory 
Port  Hueneme,  California  93043-5003 


INSTRUCTIONS 


The  Naval  Civil  Engineering  Laboratory  has  revised  its  primary  distribution  lists.  The  bottom  of 
the  mailing  label  has  several  numbers  listed.  These  numbers  correspond  to  numbers  assigned  to  the  list  of 
Subject  Categories.  Numbers  on  the  label  corresponding  to  those  on  the  list  indicate  the  subject  category  and 
type  of  documents  you  are  presently  receiving.  If  you  are  satisfied,  throw  this  card  away  (or  file  it  for  later 
reference). 

If  you  want  to  change  what  you  are  presently  receiving: 

•  Delete  —  mark  off  number  on  bottom  of  label 

•  Add  —  circle  number  on  list. 

•  Remove  my  name  from  all  your  lists  —  check  box  on  list. 

•  Change  my  address  —  line  out  incorrect  line  and  write  in  correction  (ATTACH  MAILING  LABEL). 

•  Number  of  copies  should  be  entered  after  the  title  of  the  subject  categories  you  select. 

Fold  on  line  below  and  drop  in  the  mail. 

Note:  Numbers  on  label  but  not  listed  on  questionnaire  are  for  NCEL  use  only,  please  ignore  them. 


Fold  on  line  and  staple. 
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Commanding  Officer 
Code  LI  4 

Naval  Civil  Engineering  Laboratory 
Port  Hueneme,  California  93043 


DISTRIBUTION  QUESTIONNAIRE 

The  Naval  Civil  Engineering  Laboratory  is  revising  its  primary  distribution  lists. 


SUBJECT  CATEGORIES 

1  SHORE  FACILITIES 

2  Construction  methods  and  materials  (including  corrosion 

control,  coatings) 

3  Waterfront  structures  (maintenance/deterioration  control) 

4  Utilities  (including  power  conditioning) 

5  Explosives  safety 

6  Construction  equipment  and  machinery 

7  Fire  prevention  and  control 

8  Antenna  technology 

9  Structural  analysis  and  design  (including  numerical  and 

computer  techniques) 

10  Protective  construction  (including  hardened  shelters, 

shock  and  vibration  studies) 

1 1  Soil/rock  mechanics 

13  BEQ 

14  Airfields  and  pavements 

15  ADVANCED  BASE  AND  AMPHIBIOUS  FACILITIES 

16  Base  facilities  (including  shelters,  power  generation,  water  supplies) 

17  Expedient  roads/airfields/bridges 

18  Amphibious  operations  (including  breakwaters,  wave  forces) 

19  Over-the-Beach  operations  (including  containerization, 

materiel  transfer,  lighterage  and  cranes) 

20  POL  storage,  transfer  and  distribution 
24  POLAR  ENGINEERING 

24  Same  as  Advanced  Base  and  Amphibious  Facilities, 
except  limited  to  cold-region  environments 


TYPES  OF  DOCUMENTS 

85  Tcchdau  Sheets  86  Technical  Reports  and  Technical  Notes 

83  Table  of  Contents  &  Index  to  TDS 


28  ENERGY/POWER  GENERATION 

29  Thermal  conservation  (thermal  engineering  of  buildings,  HVAC 

systems,  energy  loss  measurement,  power  generation) 

30  Controls  and  electrical  conservation  (electrical  systems, 

energy  monitoring  and  control  systems) 

31  Fuel  flexibility  (liquid  fuels,  coal  utilization,  energy 

from  solid  waste) 

32  Alternate  energy  source  (geothermal  power,  photovoltaic 

power  systems,  solar  systems,  wind  systems,  energy  storage 
systems) 

33  Site  data  and  systems  integration  (energy  resource  data,  energy 

consumption  data,  integrating  energy  systems) 

34  ENVIRONMENTAL  PROTECTION 

35  Solid  waste  management 

36  Hazardous/toxic  materials  management 

37  Wastewater  management  and  sanitary  engineering 

38  Oil  pollution  removal  and  recovery 

39  Air  pollution 

40  Noise  abatement 

44  OCEAN  ENGINEERING 

45  Seafloor  soils  and  foundations 

46  Seafloor  construction  systems  and  operations  (including 

diver  and  manipulator  tools) 

47  Undersea  structures  and  materials 

48  Anchors  and  moorings 

49  Undersea  power  systems,  electromechanical  cables, 

and  connectors 

50  Pressure  vessel  facilities 

51  Physical  environment  (including  site  surveying) 

52  Ocean-based  concrete  structures 

53  Hyperbaric  chambers 

54  Undersea  cable  dynamics 

82  NCEL  Guide  &  Updates  Q  None- 

91  Physical  Security  rcmovc  my  n,lmc 
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